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ABSTRACT

FULL SCALE STATIC LATERAL LOAD TEST OF A 9 PILE
GROUP IN SAND

Dustin S. Christensen
Department of Civil and Environmental Engineering
Master of Science

Much research has been done to study the effects of spacing in laterally loaded
pile groups and how the pile spacing affects lateral resistance of the piles. In this test
a 9-pile group of steel piles was installed in a 3x3 configuration in sand. The piles
were spaced from center-to-center at a distance of 5.65 pile diameters in the direction
of the load. The pile group was laterally loaded and instrumented to collect deflection,
load, and strain data. A separate single pile was similarly instrumented and tested for
comparison to the pile group. The soil profile consisted of a top layer of sand about
2.5 meters deep underlain by alternating layers of fine grained soil and sand. Analysis
was done in order to determine p-multipliers for the rows in the pile group.
The pile group consistently resisted lower average loads than those of the
single pile at the same peak deflection. Row 1 resisted equal loads to those resisted by
the single pile but Row 2 and Row 3 resisted smaller loads successively. The

maximum bending moments were greatest in Row 1 and decreased successively in
Row 2 and Row 3, however they occurred at the same depth for the same peak
deflection. Maximum bending moments for the single pile were similar to those for
Row 1 in the pile group at each deflection. Group effects were more significant at
greater loads with larger deflections. Higher deflection caused increased shear zone
interaction and a decrease in lateral resistance.
The test on the single pile was modeled using the computer program LPILE
Plus version 4.0 (Reese et al., 2000). The soil profile was calibrated by alternating the
input soil parameters until the curves matched between the measured and the
calculated results. The new soil profile was then used to model the test on the pile
group using GROUP version 4.0 (Reese and Wang, 1996). A match was made
between the measured test results and those calculated using GROUP by defining pmultipliers for each of the rows. For Cycle 1 the p-multipliers were found to be 1.0,
.55, and .5 for Row 1 through Row 3 respectively. For Cycle 10 the p-multipliers
were found to be the same as those for Cycle 1.
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CHAPTER 1 - INTRODUCTION

1.1

INTRODUCTION OF THEORY
Pile foundations are often necessary to support large structures when the

surface soil conditions are not strong enough to support the structure with shallow
foundations. Deep piles can be founded in dense sand layers at depth, and also
provide additional frictional support along their length to help resist vertical loads.
Lateral loads, however, are just as important as vertical loads in designing pile
foundations and are often more complicated. These lateral loads often develop from
wind and earth pressures. More powerful lateral loads occur as a result of unpredicted
events such as earthquakes, slope failure, and lateral spread induced by liquefaction.
Pile response to a given lateral load is modeled by developing a relationship
between the lateral deflection of the pile and the resistance of the soil.

This

relationship is represented graphically in a p-y curve, where y represents the lateral
displacement and p represents the soil resistance per unit length of the pile. Each layer
of soil that the pile passes through will have a different amount of resistance
depending on the strength of the soil, and therefore a different p-y curve. These
various p-y curves are modeled as non-linear springs representing the various soil
layers along the length of the pile. The pile is modeled as a beam loaded at the pile
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head by the given lateral load. The finite difference method with this soil-structure
model is to calculate deflections and reactions along the length of the pile. This model
is illustrated in Figure 1.1.
H

p
p
p
Nonlinear

y
y

y1

Interval

y2
y3

p
y

y

4

p
y

y5

Figure 1.1 Illustration of the p-y curve approach for evaluating lateral pile
behavior.

Piles are very rarely isolated but are usually put into pile-groups in order to
strengthen load resistance. Although a pile-group strengthens overall lateral load
resistance it can weaken the individual pile response of the piles in the group. The
overall lateral load is divided among each of the piles in the group. Each pile pushes
against the soil behind it creating a shear zone in the soil. These shear zones begin to
enlarge and overlap as the lateral load increases. More overlapping occurs if the piles
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are spaced very closely together. When overlapping occurs between two piles in the
same row it is called “edge effects” and when overlapping occurs between piles in
different rows it is known as “shadowing effects.” All of these “group interaction
effects” result in less lateral resistance per pile. Figure 1.2 displays the shear zones
and the various group effects that occur within a laterally loaded pile-group. The
leading row of piles has the highest resistance of any of the rows in the group since it
only experiences edge effects. The piles in the leading row are therefore only slightly
less resistant than a single isolated pile under the same loading. The piles in the other
rows have even lower resistance because they experience edge effects and shadowing
effects. The gaps that form behind the piles also assist in decreasing the resistance of
the piles behind them.

Pile

Pile

Pile

Pile

Pile

Pile

Pile

Pile

Pile

Load

Shadowing Effects
Edge Effects
Gaps Behind Pile

Figure 1.2 Illustration of shadowing and edge effects in a laterally loaded pile
group (Walsh, 2005).
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The finite difference model works well in describing the pile response of a
single pile, however it becomes much more complicated with piles in a pile-group.
The complications arise because the finite difference model only takes into account
the interaction of the soil and the pile using p-y curves as described previously. The
model does not take into account the interactions with other piles and the related group
effects that were shown in Figure 1.2. Because these group effects decrease the
resistance of the individual piles a method is needed in the finite difference model to
account for these reductions. Designers use p-multipliers to account for the reductions
in pile resistance. P-multipliers are simply reduction factors used to decrease the p
value (soil resistance) in the p-y curve. The p-values for the group piles are therefore
found by multiplying the p-value of the single pile by a p-multiplier. This concept of
p-multipliers is displayed in Figure 1.3. P-multipliers are dependant on soil conditions
and pile spacing. As piles are spaced farther and farther apart the pile interaction
deceases and therefore the p-multipliers should increase to a maximum value of 1.0.
P-multipliers can only be obtained empirically through testing because they
depend on varying soil conditions. Various full-scale pile tests have been done to
obtain p-multipliers for pile-groups in clay; however fewer tests have been done in
sand. The testing that has been done in clay tends to indicate that the p-multipliers
suggested by AASHTO are conservative for clays (Rollins, 2003a; 2003b).
Most pile group testing in sand has involved the use of scale model centrifuge
tests. Some full-scale tests that have been done in sand tend to have a relatively low
deflection range with a maximum deflection no greater than 25 mm. In addition, most
full-scale tests have been performed with a spacing of about 3 diameters and provide
4

Horizontal Resistance/Length, p

Single Pile

PSP

Group Pile
PGP =PMULTPSP

Horizontal Displacement, y

Figure 1.3 Comparison of the p-y curves for a single pile and a group pile using a
p-multiplier (Snyder, 2004)

no guidance about the variation of p-multipliers with spacing. The current AASHTO
(2000) requirements indicate p-multipliers in sand that appear to be overly
conservative, while suggested p-multipliers from pile-group computer analysis
programs such as GROUP (Reese and Wang, 1996) may be un-conservative. This
results in uncertainty on the part of designers in determining p-multipliers for pilegroups in sand.

Thus additional full-scale testing is necessary to develop more

accurate pile-group design approaches in sandy soil. The test discussed in this paper is
part of an on-going effort to provide more accurate p-multipliers for pile groups in
sand at variable spacing.
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1.2

OBJECTIVES
The research objectives for this study are as follows:
•

Determine the relationship between pile spacing and p-multipliers for a
laterally loaded pile-group in sandy soils.

•

Determine appropriate p-multipliers for a 3-row pile-group in sandy soils
spaced at 5.65 pile diameters.

•

Access the accuracy of the p-multiplier concept for providing reasonable
estimates of load distribution, deflection and bending moments in a pile
group

1.3

•

Combine the results from this test with existing data

•

Refine current computer design methods for pile-group models.

PROJECT SCOPE
This test is one of a series of many lateral load tests that have been performed

on pile-groups at a test site near the Salt Lake City Airport. The first lateral load test
was conducted in 1996 on a 9-pile group spaced at 2.82 pile diameters in clay
(Peterson, 1996). Two additional tests were preformed in 2002 on two separate
laterally loaded pile-groups. The first test involved a 9 pile group spaced at 5.65 pile
diameters (Johnson, 2003) and the second test was preformed on a 15 pile group
spaced at 3.92 pile diameters (Snyder, 2004). Both test were conducted in clay with
324-mm (12.75 in) outside diameter steel piles. Based on these tests design curves
were developed to determine p-multipliers as a function of pile spacing and location
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within the pile group. These design curves are much less conservative than the current
AASHTO (2002) code specifies.
Further testing was done in 2004 on the same two pile groups tested in 2002.
The same procedures were used only this time a 2.5 meters thick layer of clean sand
was compacted around the two pile groups.

This was done with the intent of

comparing the results of the test preformed in sand to those previously preformed in
clay and providing p-multipliers as a function of spacing in sand. The load testing and
analysis for the 15 pile group with 3.92 pile diameter spacing was reported by Walsh
(2005). The 15 pile test found that group interaction effects were more pronounced
for piles in sand than for piles in clay. Test results also concluded that current
AASHTO (2000) standards are still somewhat conservative. The second test was
performed on the 9 pile group spaced at 5.65 diameters and is the focus of this study.
Two larger diameter concrete drilled shafts were tested concurrently with each of pile
groups for comparison. The analysis of the concrete shafts is being undertaken by
Amy Taylor.
All tests were performed at a site near the Salt Lake City International Airport,
about 300 yards north of the air traffic control tower. The properties of the natural soil
profile, consisting primarily of silts and soft clays, were determined using field and
laboratory tests performed previously. The properties of the clean sand fill were
determined using Proctor tests and mechanical analyses in the laboratory as well as
nuclear density testing during field compaction.
A frame was constructed around the piles so that the piles deflected together as
a group instead of individually. This frame was laterally loaded using hydraulic jacks.
7

The piles were statically loaded until they reached a target deflection and then cycled
nine more times at that deflection, making a total of 10 cycles for each target
deflection. A single pile was cyclically loaded at the same target deflections and used
as a control to help determine the p-multipliers for the group. Target deflections
ranged from 6 mm (0.25 in) up to 51 mm (2.0 in).
All deflection and load data was collected and organized for analysis and plots
were made for comparison of load vs. deflection. Strain data was collected and used
to produce plots of moment vs. depth and maximum moment vs. pile head load. The
test on the single pile was modeled using the computer program LPILE Plus version
4.0 (Reese et al., 2000). The soil profile was calibrated by adjusting the input soil
parameters for the sand backfill until the computed response matched the measured
response. The same soil profile was then used to model the test on the pile group
using GROUP version 4.0 (Reese and Wang, 1996). P-multipliers were then obtained
by back-calculating until a match was made between the computer generated plots
using GROUP and the 9 pile test results.
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CHAPTER 2 - LITERATURE REVIEW

2.1

INTRODUCTION
The existing research that has been done on laterally-loaded pile groups can be

divided into three general categories:
•

Full–scale tests - These are tests done on full-scale piles and pile groups.
Usually they are the most accurate because they simulate actual conditions.
They are also the most expensive and the most difficult to perform. Therefore
fewer full-scale tests have been conducted.

•

Small-scale tests – These include model tests and tests done using a
centrifuge. The centrifuge exposes the model to high acceleration fields so that
the model can better represent the actual soil stresses of a full scale test.
Small-scale tests are less expensive than constructing a full-scale test and can
be repeated and modified easier. For this reason more small-scale testing has
been conducted than full-scale testing.

•

Numerical modeling – This type of testing uses computer algorithms and
equations to solve lateral-load problems. This is the least expensive type of
testing but also the most difficult to represent actual conditions. Because

9

numerical modeling does not provide empirical solutions relevant to this study
it will not be included in this chapter.
This chapter will provide a brief summary of some of the research that has
been done on laterally-loaded pile groups and the contributions that this research has
made towards the subjects being investigated in this study, particularly pile group
efficiency, group effects within the pile group, and recommended p-multipliers for
different types of soils and pile group configurations. The research in this chapter will
be presented in chronological order. A brief synopsis of all research and conclusions
discussed in this chapter can be found in Table 2.1 and Table 2.2.

2.2
2.2.1

FULL-SCALE AND SMALL-SCALE RESEARCH
Research Conducted Before 1980

Relatively little was understood concerning the behavior of laterally-loaded
pile groups before the 1980’s. The first research conducted on laterally-loaded piles
was done by Feagin (1937). Full scale tests were conducted on timber and concrete
single piles as well as various pile group configurations, merely with the intent to
obtain data on lateral load movements.

Feagin observed that the average soil

resistance per pile decreased as more piles were added to the group. Feagin also
concluded that group effects were only significant at large deflections and that at
deflections of less than 6 mm (0.25 in) group effects did not occur. Further full-scale
testing was done by Kim and Brungraber (1976) on various pile groups in clay. These
tests noted that with increased lateral load compressive stresses increased in the front
10

row piles and decreased in the back row piles. It was determined that this was a result
of the fixed head condition of the pile group and that the front row piles were resisting
rotation and thus had increased compressive stresses.
2.2.2

Research Conducted from 1980 – 1990

During this time period pile groups were designed using what is called the
elastic theory. This theory used non linear techniques in analyzing single isolated
piles and then used elastic interaction factors to determine further group responses.
This theory was challenged by Barton (1984). Barton conducted centrifuge test on
various pile groups at different spacing in sand. These tests concluded that soil nonlinearity must be accounted for in pile group design and that the elastic theory did not
account for this non-linearity. Elastic methods underestimated the interactions within
closely spaced pile group while overestimating the interaction with pile groups at
greater spacing. Barton also determined that the amount of total load carried by each
pile within the group was not evenly distributed (as estimated by the elastic theory)
and depended on spacing. Separate model tests were done in the same year by Cox et
al. (1984) in soft clay. These tests were performed on piles in a line with lateral loads
both parallel and perpendicular to the line of piles. Cox found that when load was
placed perpendicular to the line of piles, group effects did not occur in spacing greater
than 3 diameters. When the load was parallel with the line of piles, group effects were
increased and efficiency decreased with the number of piles in the line. Figure 2.1
shows these results comparing the efficiencies of the piles arranged parallel (in-line)
with the lateral loading to the piles arranged perpendicular (side-by-side) to the lateral
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Figure 2.1 Group efficiencies vs. clear spacing for both in-line and side-by-side
configurations (Cox et al., 1984).

loading. Both of these tests made further insights into the influence of spacing on pile
group response to lateral loads.
Several full-scale tests were also conducted during this time period. Meimon
et al. (1986) did full scale tests on steel piles and confirmed what had been observed
by Feagin (1937) in that group effects increased with larger deflections. Meimon also
noted what Kim and Brungraber (1976) had observed in that front row piles had
greater resistance and also developed greater moments for a given pile group
deflection. Neither Feagin (1937) nor Kim and Brungraber (1976) directly measured
load on each pile group. Meimon was the first to do this, which lead the way to
further establishments in load distribution.
12

Brown et al. (1987) conducted full-scale tests in stiff clay and agreed with
Barton (1984) that the elastic theory did not address what he saw to be the key factor
in predicting pile group response; ultimate soil resistance. Brown set out to devise a
new method to predict soil resistance and the very next year he revolutionized the
design of pile groups with the concept of p-multipliers (Brown et al, 1988). Brown
returned to do more tests on the same pile group tested in 1987, this time replacing the
clay around the piles with sand. Brown saw the same results, that soil resistance per
pile within the pile group was less than the single isolated pile and was primarily
affected by spacing and by which row the pile was located in. All piles within the
same row showed about the same resistance.
The results from Brown et al. (1988) can be seen in Figure 2.2 where the
decrease in load resistance per row is compared to the single pile. Noted in Figure 2.2
is the fact that first row loads are almost the same as the single pile loads and resist the
most loads within the group, while trailing row piles carry substantially lower values.
The normalized bending moment versus depth curves in Figure 2.3 show how
decreased resistance in trailing rows results in larger bending moments as well. The
bending moment curves that are not normalized show that bending moment decreased
in trailing rows as a result of less load being applied. Brown et al (1988) suggested pmultipliers to account for the reduction in resistance in each row. These p-multipliers
act as reduction factors that scale down the actual p-y curves of the isolated single pile
model, thus accounting for all non-linearity in the soil profile. These back-calculated
p-multipliers, along with other p-multipliers suggested from other tests, can be found
in Table 2.3.
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Figure 2.2 Pile head load resistance versus deflection for single pile and group by
row position (Brown et al., 1988).

Figure 2.3 Bending moment versus depth (Brown et al., 1988).
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2.2.3

Research Conducted from 1990 to 2000

During this time period great progress was made in the area of small-scale
testing. Kotthaus et al. (1994) used a centrifuge and small aluminum piles to conduct
tests that simulate prototype concrete piles in sand. Kotthaus et al. observed that row
efficiency decreased with trailing rows, defining efficiency as the ratio of the group
load to the single pile load. Similar to the observation made by Brown et al. (1988),
Kotthaus et al found that the first row efficiency was close to 1.0, indicating that the
resistance was about the same as the isolated single pile under the same loading.
While Kotthaus et al. (1994) focused on row efficiency; McVay et al. (1994)
did similar centrifuge research that same year exploring the influence of soil density
on pile group interactions in sand. McVay observed that the soil density did have an
impact on the group interactions of the piles and that average load resistance increased
with an increase in soil density, although the increase was not very large. McVay also
saw that increased spacing resulted in greater pile capacity.

McVay did more

centrifuge testing the following year to further investigate the influence of pile spacing
in sand. McVay et al. (1995) discovered that although density did have an influence
on pile group interactions, pile spacing was actually much more influential.
McVay concluded that the p-multiplier approach suggested by Brown et al.
(1988) was a very good method of matching total group load and individual row
distribution, and suggested some p-multipliers for spacing of 3 diameters and 5
diameters. McVay decided to further investigate larger pile groups of up to seven
rows in order to obtain more comprehensive p-multipliers. McVay et al. (1998) found
that load resistance continues to decrease until about the fourth row, after which it
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seems to stabilize. McVay also found that the load developed by the trailing row is
about the same regardless of the number of rows in the pile group. A summary of all
suggested p-multipliers is once again found in Table 2.3.
Remaud et al. (1998) investigated the methods used by McVay et al. (1995)
and did similar centrifuge testing in an attempt to obtain p-multipliers in a different
method; attaching strain gages to the piles to obtain p-y curves from the bending
moment profiles. Although Remaud’s methods were different he saw similar results,
that group effects were not evident in pile spacing greater than 6 diameters. Moss et
al. (1998) wanted to further investigate pile group response in clay. Using model tests
and cyclic loading conditions he found an interesting phenomenon.

As cycling

progressed the clay compressed and gapping formed in front of the pile. This caused
the resistance to become more dependent on the pile stiffness instead of the p-y curve,
and maximum moments occurred at greater depths. This phenomenon was not as
significant in pile groups tested in sand. Rao et al. (1998) also did model tests in clay,
with the intent to investigate the influence of pile rigidity on pile group response. He
found that pile strength was only significant in long flexible piles, and with short rigid
piles the response depended more on soil resistance.
Some important full-scale testing was also performed during this time period.
Ruesta and Townsend (1997) performed full-scale tests in sand in order to compare
results with full-scale tests done by Brown et al. (1988) and centrifuge tests done by
McVay et al. (1995). The tests conducted by Ruesta and Townsend were the first fullscale tests to have more than three rows and were unique in that they had four piles in
each row. The piles were much larger than other tests and were made of reinforced
16
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Table 2.1 Summary of full-scale research.
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Table 2.2 Summary of small-scale research.

concrete rather than steel. Their conclusions suggested p-multipliers that are very
similar to those suggested by these other tests. They also saw that outside piles took
more load than inside piles within a row and attributed this to shadow effects and pile
driving sequence. Rollins et al. (1998) did full-scale testing on steel piles in clay.
This test resulted in more suggested p-multipliers that were slightly lower than those
suggested for 3x3 pile groups in previous testing (see Table 2.3).
2.2.4

Research Conducted from 2000 to 2006

Some further full-scale testing has been done more recently. Huang et al.
(2001) performed full-scale testing on both bored and driven pre-cast piles groups in
order to compare the two and investigate the effects that pile installation had on pile
group response. Huang found that installation procedures can have a significant effect
on lateral soil resistance. Driven pile installation causes the soil to become denser and
increases group interactions, while bored pile installation loosens the soil and
decreases group interactions.
Rollins et al. (2003a) did further testing on the same site tested in 1998 with
two new pile groups that were driven at the site, spaced at 2.8 and 5.65 pile diameters.
This study concluded that p-multipliers are higher in the pile group spaced at 5.65
diameters than at 2.8 diameters and that pile interaction decreased with spacing as
expected. However, group interaction was still fairly significant at 5.65 diameters and
it was concluded that interaction remained significant up to spacing of about 6.5 pile
diameters, after which group effects can be neglected. Rollins et al. (2003b) did
further full-scale testing in clay at a different site in Salt Lake City on four pile groups
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spaced at 3.0, 3.3, 4.4, 5.6 pile diameters. The results of this these tests suggested pmultipliers similar to those previously suggested (see Table 2.3). It was also observed
that, contrary to what Ruesta and Townsend (1997) observed in sand, outside piles
within a row in clay did not resist more load than inside piles. Also, similar to what
McVay et al. (1998) concluded, in pile groups with greater than three rows the trailing
row carried higher loads than previous rows.
Rollins et al. (2005) performed a full-scale test on a 3x3 pipe pile group in
loose to medium dense sand at 3.3D spacing. This study observed that within a row
the outside piles consistently resisted more load than the inside piles. This same effect
was observed in sand by Ruesta and Townsend (1997), but was not observed in clay
by Rollins et al. (2003b). This result was attributed to the wider failure wedges that
exist in adjacent piles in sand compared to those that develop in cohesive soils. More
p-multipliers were suggested in this study and can be seen in Table 2.3 together with
all p-multipliers that have been suggested from the research reviewed in this chapter.
Figure 2.4 shows the design line that was constructed by Rollins et al. (2005) for pmultipliers in sand at different pile spacings. This design curve is based on the pmultipliers that were found in the Rollins et al. (2005) report and shows an estimate of
what the p-multipliers for pile groups in sand should be. Some other commonly used
design curves are shown in the figure for comparison. This design line is introduced
here and will be compared to the results of this study.
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(b) 2nd & 3rd Row P-Multipliers
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Figure 2.4 Design curve for pile groups in sand (Rollins et al., 2005).

21

8

2.3

RESEARCH SUMMARY

Table 2.3 Summary of suggested p-multipliers from research reviewed.
P-Multipliers by row
Researcher(s)

Pile
Spacing
Pattern (Diameters)

1

2

3

4

5

6

7

Brown et al. (1988)

3x3

3

0.80

0.40

0.30

--

--

--

--

McVay et al. (1995)
(loose sand)
(dense sand)

3x3
3x3
3x3

5
3
3

1.00
0.65
0.80

0.85
0.45
0.40

0.70
0.35
0.30

----

----

----

----

McVay et al. (1998)

3x3
3x4
3x5
3x6
3x7

3
3
3
3
3

0.80
0.80
0.80
0.80
0.80

0.40
0.40
0.40
0.40
0.40

0.30
0.30
0.30
0.30
0.30

-0.30
0.20
0.20
0.20

--0.30
0.20
0.20

---0.30
0.20

----0.30

Remaud et al. (1998)

1x2
1x2
1x2

2
4
6

1.00
1.00
1.00

0.52
0.82
0.93

----

----

----

----

----

Ruesta and Townsend (1997)

4x4

3

0.80

0.70

0.30

0.30

--

--

--

Rollins et al. (1998)

3x3

2.82

0.60

0.38

0.43

--

--

--

--

Huang et al. (2001)

3x4
2x3

3
3

0.89
0.93

0.61
0.70

0.61
0.70

0.66
--

---

---

---

Rollins et al. (2003a)

3x3
3x3

2.8
5.65

0.60
0.98

0.38
0.95

0.43
0.88

---

---

---

---

Rollins et al. (2003b)

3x3
3x5
3x4
3x3

3
3.3
4.3
5.6

0.82
0.82
0.90
0.94

0.61
0.61
0.81
0.88

0.45
0.45
0.69
0.77

-0.45
0.73
--

-0.46
---

-----

-----

Rollins et al. (2005)

3x3

3.3

0.80

0.40

0.40

--

--

--

--

As noted in Table 2.3 all of the research that has been done concerning
laterally loaded pile groups has lead to a vast amount of suggested p-multipliers.
These p-multipliers, along with others that have been suggested from research not
covered in this chapter, have led to various design curves that differ significantly.
Figure 2.5 shows plot of some of the various design curves used in engineering
practice today. Such a varying assortment of design curves leads to designs that can
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Figure 2.5 Design curves commonly used for choosing p-multipliers.

be significantly different, depending on which curve the engineer chooses. For
example, using Figure 2.5 with a pile spacing / pile diameter of 4, the engineer can
pick a 1st row p-multiplier of anywhere from about 0.4 to 1. This could cause the
engineer to unintentionally over-design or under-design front row lateral loads.
Further research is necessary to help clearly define which p-multipliers should be
used under various soil conditions.
There are also other factors concerning laterally loaded pile groups that require
further investigation. One factor concerns the influence of greater spacing on pile
interactions, and the exact spacing to which the group effects become negligible.
Remaud et al. (1998) found group effects to be negligible for spacing greater than 6
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pile diameters; however, Rollins et al. (2005) concluded that this spacing depended on
the row location and varied between 5 and 8 pile diameters. There are also several
comparisons to be made between full-scale testing in sand and testing that has been
done in clay. For example, in sand it has been observed that the outside piles within a
row carry more load than the inside piles (Ruesta and Townsend, 1997; Rollins et al,
2005), however this effect has not been observed in full-scale testing in clay (Rollins
et al, 2003b). It has also been observed in clay that cyclic loading tends to compress
the soil, creating gaps in front of the piles and increasing the depth to the maximum
moment (Moss et al, 1998). In sand this gapping effect has not been observed to have
such significant effect on the pile moments. Finally, group interaction is likely to be
more important in sands than in clays because piles in sand, with higher friction
angles, develop wider and longer failure wedges than in clay.
This research will address many of these important issues. The pile group
tested in this study was driven in sand in a 3x3 configuration, with a spacing of 5.65
pile diameters. Results from this test along with results from a nearby 3x5 pile group
at a spacing of 3.92 pile diameters will provide important information to further the
understanding of laterally loaded pile groups in sand.
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CHAPTER 3 - GEOTECHNICAL SITE CONDITIONS

3.1

SITE LOCATION
The location of the testing site is at the Salt Lake City International Airport

only about 300 meters north of the air control tower. This site serves as a very ideal
site for pile-group testing for various reasons. The site is very open, spacious and flat
allowing easy access for heavy equipment to go in and out on the site. There are no
overhead obstructions or impeding structures anywhere near the testing site. All of the
previous testing that has been done on the site is also a great advantage. Several
previous geotechnical investigations provide a wealth of information concerning the
soil conditions and soil profile.

Previous testing also provides information on

successful testing procedures that can be repeated and the type of results that can be
expected. Figure 3.1 shows an aerial photograph of the location of the test site taken
in 1998.
The first test preformed on this site was a concrete capped 9 pile group in a 3 x
3 configuration similar to the group analyzed in this study. This pile group was driven
in 1995 just a few meters south east of the pile group tested in this study, with a
center-to-center pile spacing of 2.82 pile diameters. The current 9 pile group under
analysis was driven in 2002 together with a 15 pile group about 16 meters to the south.
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Figure 3.1 Aerial view of the testing sight (USGS).

The native ground surface of the testing site consists of a top layer of about 1.5
meters of compacted sandy gravel. This layer of gravel was removed in 2002 in order
to expose the deep layers of soft clay into which the piles were driven. This provided
the opportunity to conduct lateral load tests on the pile groups in a soil profile
consisting mostly of clay.
In the summer of 2004 another .91 m (3 ft) of clay was removed from around
the piles. The entire excavated depth was then back filled with concrete washed sand
making the top layer of sand 2.41 m (8 ft) deep. The two pile groups could then be
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tested in a soil profile that now consisted of a deep upper layer of sand. Although the
lower layers under the sand consisted of the same soft clay layers it is the upper layer
that has the most significance on all lateral load activity. Backfilling of the sand was
done in lifts of about .36 m (14 in). The sand was compacted after each lift using a
track hoe with a large compactor attachment on the front. A jumping jack compactor
was used in between the piles to compact the sand in areas where the large compactor
could not fit. The sand was also wetted before each compaction to achieve greater
compaction density. The areas surrounding the 15 pile group and the drilled shafts
were compacted at the same time and in a similar manner, however the lifts around the
15 pile group were smaller at about .203 m (8in).
In between lifts a nuclear density gage was used during compaction to
determine the moisture content, percent relative compaction and the wet and dry
density at each elevation level. The full results of these tests are found in Table 3.1.
Relative compaction for the site was at an average of 92.1% of maximum with a
standard deviation of 1.9 percent.

More detailed discussion of these results is

provided in a later section.

3.2
3.2.1

GEOTECHNICAL SITE INVESTIGATION
Past Investigations

A vast amount of geotechnical site information is available because of the
various testing that has been done on this site. The construction of the air traffic
control tower in 1995 provided useful geotechnical information. Shortly after the
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tower was constructed more tests were done in conjunction with the first lateral load
test done by Peterson and Rollins (1996). These tests included the following:
•

standard penetration (SPT) testing

•

vane shear (VST) testing

•

pressuremeter (PMT) testing

•

cone penetrometer (CPT) testing

Undisturbed samples were collected for laboratory testing using Shelby tubes,
and disturbed samples were collected using hand augers and split-spoon samplers.
The laboratory tests were conducted to determine information regarding the following:
•

particle size distribution

•

soil classification (USCS)

•

consolidation characteristics

•

shear strength

•

Atterberg limits.

All initial investigation was preformed in the immediate area surrounding the
location where the first 9 pile test was conducted in 1996. In 1998 two more CPT
tests were conducted to confirm the results of the 1996 tests.

No further site

investigation was done on the site until 2003 after the two additional pile groups and
drilled shafts were driven.

The 2003 site investigation focused on the area

surrounding the new pile groups since they were in a slightly different location from
the first pile group. In-situ tests conducted in 2003 consisted of three new CPT tests
and two drilled holes. Further laboratory tests were done on samples to determine
particle size distribution, soil classification, shear strength and Atterberg limits, and to
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compare these results to those obtained in 1996. Figure 3.2 shows the locations of all
of the in-situ soil investigations done in relation to the location of the pile groups.
3.2.2

2004 – 2006 Soil Investigations

Despite the vast amount of geotechnical site information available from
previous years of testing, more sight investigation was necessary in 2004 after the
additional layer of concrete washed sand was added to the site. The new soil profile
(now consisting of a 2.41 m (8 ft) top layer of sand) needed further investigation to
determine the surface and sub-surface properties. The new testing focused more
specifically on the upper sand layer since the lower clay layers had already been
investigated. Laboratory tests were preformed using samples of the sand layer. These
laboratory tests included:
•

particle size distribution

•

modified proctor tests

•

soil classification

In-situ tests included nuclear density readings to determine the moisture
content, wet and dry densities, and relative compaction at each lift elevation. A
dynamic cone penetration test was conducted around the nine pile group to determine
the compaction within the piles compared to the compaction outside of the pile group.
Four more CPT tests were done around the 9-Pile group in March, 2006 to further
investigate the compaction of the sand inside and outside of the pile group. Figure 3.2
shows the locations of these in-situ tests in relation to the location of the pile groups.
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Figure 3.2 Locations of in-situ tests and years performed
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3.3

IDEALIZED SUBSURFACE PROFILE
After all in-situ and laboratory tests were completed a soil profile was created

using the results form the testing. Figure 3.3 shows the idealized soil profile. This
soil profile was used in modeling the lateral load cycles in L-PILE and GROUP. Most
of the information used to create the soil profile comes from the CPT test done in
2006, the laboratory tests done in 2003 and 2004 (Table 3.3), and the idealized soil
profile that was created by Peterson (1996). The largest modification that has been
done to the original profile created in 1996 is the 2.41 m (8 ft) top layer of concrete
washed sand that was added to the site in 2003.
The following sections of this chapter will discuss in greater detail the various
tests that have been conducted at the testing site. Because such a large amount of
testing had been done, most of the discussion will focus on the most recent testing that
has been performed since the backfilled sand layer was added to the site in 2003.
The results from previous testing were helpful in defining the soil properties of the
clay layers underlying the backfilled sand layer, while recent testing has helped to
define the soil properties for the backfilled sand layer. Results from previous testing
will be discussed only as it relates to its contribution to the construction of the soil
profile shown in Figure 3.3. Plots from previous CPT and SPT testing will not be
displayed in this study.
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Figure 3.3 Idealized soil profile constructed from laboratory and in-situ testing.

3.4

IN-SITU TESTS

3.4.1

Nuclear Density Gauge Testing

As discussed in Section 3.1, the top 2.41 meters of the excavation was
backfilled with clean washed sand. The sand was backfilled in lifts of about .36 m (14
in) and compacted after each lift. A nuclear density gage was used after each lift to
check for sufficient compaction. Each lift was tested in several locations in order to
insure that the compaction was done uniformly. The data was used to calculate the
relative compaction, wet and dry density, and moisture content at each lift. This data
can be seen in Table 3.1. The nuclear density gage data gathered for the 15 pile group
is also included for comparison in Table 3.2.

Table 3.1 Nuclear Density Gage data gathered for the 9-Pile group.
Depth
Below
Ground
(m)
0.2
0.2
0.2
0.6
0.6
0.6
0.6
0.9
0.9
2.0
2.0

Location
Within Pile
Group

Average
Relative
Compaction
(%)

Average
Dry
Density
(kN/m3)

Average
Wet
Density
(kN/m3)

Average
Moisture
Content
(%)

South
North
West
North
East
South
West
South
North
South East
North West

92.3
93.0
92.1
92.8
93.7
94.2
93.8
90.1
92.5
87.6
90.6

16.1
16.2
16.1
16.2
16.3
16.4
16.4
15.7
16.1
15.3
15.9

17.1
17.2
17.0
16.9
17.1
17.0
17.2
16.6
17.1
16.0
16.6

6.0
5.9
5.6
4.2
4.7
3.8
5.3
5.7
6.3
4.7
5.7

Mean
Standard Deviation

92.1
1.9

16.1
0.3

16.9
0.4

5.3
0.8
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Table 3.2 Nuclear Density Gage data gathered for the 15-Pile group (Walsh
2005)
Depth
Below
Ground
(m)
0.1
0.2
0.2
0.2
0.4
0.4
0.5
1.0
1.4
1.7
1.7
1.7
1.8
1.9

3.4.2

Location
Within Pile
Group

Average
Relative
Compaction

Average
Dry
Density

Average
Wet
Density

Average
Moisture
Content

South West
North
Single Pile
South East
Single Pile
East
South
North
South East
South West
North West
South East
North West
South East

(%)
91.0
91.6
90.6
93.6
93.9
93.4
93.7
94.3
92.6
94.6
92.4
95.5
93.6
93.7

(kN/m3)
15.9
16.0
15.8
16.3
16.4
16.3
16.3
16.4
16.1
16.5
16.1
16.7
16.3
16.3

(kN/m3)
17.1
17.2
16.8
17.6
17.3
17.5
17.3
17.4
17.0
17.4
17.0
17.4
17.4
18.2

(%)
7.6
7.7
6.6
7.6
5.8
7.5
5.9
5.7
5.5
5.4
5.7
4.6
6.5
11.6

Mean
Standard Deviation

93.2
1.4

16.2
0.2

17.3
0.3

6.7
1.7

Standard Penetration Testing (SPT)

Standard Penetration (SPT) testing was done at the location named DH-96-W
in Figure 3.2. Testing was performed on sand layers at that location using a standard
64/51 mm split-spoon sampler. The sampler was driven by a 622 N (140 lb) hammer
dropped from a height of 760 mm (30 in). The corrected (N1)60 blow counts were
within a range of 20 to 45, indicating that the sand layers are medium to dense
(Terazaghi and Peck, 1967).

34

3.4.3

Vane Shear Testing (VST)

Vane Shear (VST) testing was performed at DH-96-W according to ASTM D2573. Shear strength values were found only for the clay layers. The measured shear
strength (Su) values were corrected for PI using the method suggested by Bjerrum
(1972). These measurements were used to compare the in-situ shear strength to the
values for shear strength found in laboratory testing. Corrected values fell within an
average range of 20 to 60 kPa (420 to 1250 psf). Full results of the test can be seen in
Figure 3.3.
3.4.4

Pressuremeter Testing (PMT)

Both pre-bored and push-in pressuremeter (PMT) tests were done on the site
according to ASTM D-4719-87. The four pre-bored tests were done with the center of
the probe at depths of 2.1, 3.5, 4.6, and 5.2 meters (7, 11, 15 and 17 ft). In each case
the hole was drilled with a standard tri-cone bit and then cased to a depth of one meter
(3.3 ft) above the end of the probe. The tests were conducted at the location PMT-961 in Figure 3.2. Tests were performed using a Rocket TEXAM control unit with an
NX size probe and a length to diameter ratio of 7.5.
Based on the readings from the PMT the soils were classified using
correlations from Briaud (1992) and Baguelin et al. (1978). The cohesive soils were
determined to be of medium consistency while the lower sand layers were medium to
dense. The upper layers were determined to be over-consolidated; however these
layers were later removed for this study. The un-drained shear strength (Su) values
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determined from this test were lower than those found from the tri-axial and VST
tests. These results can be compared in Figure 3.3.
A push-in PMT test was also performed at PMT-96-2 with the center of the
probe at depths of 2.2, 3.1, and 4.0 meter (7.2, 10.2, and 13.1 ft). Although this
method of insertion is a better simulation of the actual installation of a driven pile, the
correlations used for the pre-bored tests were not applicable to the push in test. Thus,
the results from the push in test were not interpreted.
3.4.5

Dynamic Cone Penetration Test (DCPT)

In Table 3.1 it was noted that some of the lifts of backfilled sand were quite
large. For example, the first compaction was done at a depth of 2.0 m and the next
compaction was done at a depth of 0.9 m. This indicates that there was a lift of 1.1 m
of sand between compaction, and it is difficult to compact sufficiently with such a
large lift. The lifts became smaller towards the ground surface. In Table 3.2 it can be
seen that the sand outside the 9-pile group and around the 15-pile group was
compacted with much smaller lifts. Because some of the lower sand lifts were so high
inside the 9-pile group, it was necessary to insure that the sand inside the pile group
was compacted as sufficiently as the sand outside the pile group.
In October, 2005, dynamic cone penetration tests were performed to compare
the density of the sand inside the pile group to the sand outside the pile group. A hand
held cone penetrations device called a dynamic cone penetrometer was driven in six
locations inside the pile group and six locations outside the pile group.

These

locations can be seen in Figure 3.2. The dynamic cone penetrometer has a sliding
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weight attached to it that is lifted and dropped a height of 80 cm (31.5 in). The
dynamic force of the weight drives the penetrometer into the ground and the
penetration is measured using a measuring stick. The penetration per blow is used to
calculate the penetration resistance of the soil. The average penetration resistance of
the sand inside and outside piles is seen below in Figure 3.4. As noted in the figure

Average Penetration Resistance (blows/cm)
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0.6

0
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inside the piles

70
80
90
100

Figure 3.4 Results of dynamic cone penetration test.
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0.8

1

the average penetration resistance of the sand inside the pile group is not significantly
less than the resistance outside the pile group.

At many depths the penetration

resistance was higher inside the pile group. The results would indicate that the sand
inside and outside the pile group was compacted the same, however the dynamic cone
penetrometer only penetrated to a depth of 0.95 m, and Table 3.1 showed that the
higher sand lifts were below this depth. Deeper investigation was necessary in order
to sufficiently compare the compaction inside the pile group to the compaction outside
the pile group. This was done with further CPT testing discussed in the following
section.
3.4.6

Cone Penetrometer Testing (CPT)

The CPT test gives a continuous reading of sleeve friction (fs), tip resistance
(qc), and pore water pressure (u). The testing site has undergone a total of 11 different
CPT soundings since 1996. The first four tests were conducted around the original 3
X 3 pile group seen in the lower right corner of Figure 3.2, two in 1996 and two more
in 1998. Following the installation of the two new pile groups in 2003, three more
CPT tests were done. These three tests are noted in Figure 3.2 as CPT-03-S, CPT-03M, and CPT-03-N corresponding to the 15 pile group, the drilled shafts, and the nine
pile group consecutively.
The first test, identified as CPT-96-W, was performed by RB&G Engineering
with an electric cone mounted drill rig. Readings were taken manually every 100 mm
(3.9 in). CPT-96-SE was performed by Alta-Geo, Inc. with a 180-kN (20 ton) truck
mounted piezo-cone. Readings were taken electronically every 10 mm (.4 in). The
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other tests were all conducted by ConeTec, Inc. using a 180-kN truck mounted electric
cone. These readings were taken electronically every 50 mm (2.0 in).
Four more CPT tests were done in March of 2006 and the locations are shown
in Figure 3.2. The first test (CPT-06-M) was driven to the depth of the drilled shafts
and the results are shown in Figure 3.3. The last three CPT tests were driven only to
the bottom of the backfilled sand layer in order to compare the compaction of the sand
inside the pile group and outside the pile group. This was necessary because the
DCPT test did not penetrate deep enough to make a sufficient comparison. CPT-06-S
was driven 1.5 m to the south of the front row of the pile group. CPT-06-E and CPT06-W were driven inside the pile group on the east and west sides of the center pile in
the group. The results of these tests are shown in Figure 3.5 comparing the tip
resistance and sleeve friction outside the pile group to inside the pile group.
The results shown in Figure 3.5 confirm what was previously observed in
Figure 3.4. It can be seen that the tip resistance inside and outside the pile group
remains the same until a depth of about 0.9 m, after which the resistance inside the
pile group significantly drops off. These results indicate the top 0.9 m of sand was
compacted sufficiently inside and outside the pile group, while the sand below a depth
of 0.9 m was not compacted sufficiently inside the pile group. To account for the
differences in compaction it is necessary to model the backfilled sand layer using two
different soil profiles for inside and outside the pile group. The soil inside the pile
group will have a lower friction angle to account for softer compaction.

These

differences will be important in the computer modeling of the pile group and the
resulting p-multipliers that will be calculated.
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Figure 3.5 CPT comparison of compaction inside and outside the pile group.

3.5

LABORATORY TESTS
The laboratory tests conducted for this testing site included Atterberg limits,

particle size distribution, soil classification, modified proctor tests and shear strength
tests. All testing was conducted in the soils laboratory at Brigham Young University
and in accordance with ASTM standards.
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All testing performed on the soft clay layers native to the testing site were
performed in previous years (1996, 2002-2003). All laboratory tests performed in
2005 focused on the upper 2.41 meter layer of concrete washed sand that was added to
the site. No further laboratory tests were done on the clay layers in 2005 because of
the testing that had already been preformed and the vast amount of geotechnical
information already available. Because the sand layer is more important to the results
of this study the laboratory results presented in this section will focus primarily on the
upper layer of concrete washed sand.
3.5.1

Index Properties

The grain-size distribution curve for the washed sand used on the site is shown
in Figure 3.6 along with the curve boundaries of the upper and lower limit curves for
concrete washed sand. The boundary curves shown in the Figure 3.6 are in
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Figure 3.6 Grain size distribution curve including upper and lower limits (Walsh
2005)
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accordance with ASTM C-33. The sand used was a medium to fine grained sand with
a sub-rounded shape. The following size distribution properties can be inferred from
Figure 3.6:
•

Mean grain size (D60) for the sand is 1.1 mm

•

Effective size (D10) is 0.11 mm

•

Uniformity coefficient (Cu) is 10.0

•

Coefficient of gradation (Cc) is 1.8

Also noted in Figure 3.6 is the fact the there are a significant amount of fine
grained particles in the sand. The distribution curve stays well within the upper and
lower limits except for the lower 10 percent finer, implying a higher amount of fine
grained sands. Because of these fine grained particles the sand is classified as an SW
sand instead of an SP sand which is the typical classification for concrete washed
sands. Table 3.3 shows a summary of the soil classification and index properties of
the soil profile, including moisture content, Atterberg limits, size distribution, and soil
classification. Note that the table includes the surface sand layer and the deeper clay
layers as well. The surface sand layer data is obtained from sample H-05-S and the
data for the deeper clay layers was obtained from sample H-03-N as seen in Figure
3.2.
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Table 3.3 Grain Size Distribution and Atterberg limits for samples H-05-S and
H-03-N.
Depth
Below
Ground
Surface
(m)

Natural
Moisture
Content
(%)

Sand
(%)

Fines
(%)

Liquid
Limit
(%)

Plasticity
Index
(%)

0
2.68
2.98
3.29
3.59
3.90
4.20
4.81
5.12
5.42

-31
28
30
27
28
27
29
27
27

95
15
9
45
44
32
49
74
72
80

5
85
91
55
56
68
51
26
28
20

N/A
33
31
N/A
N/A
N/A
N/A
N/A
N/A
N/A

NP
12
9
NP
NP
NP
NP
NP
NP
NP

3.5.2

Grain Size
Distribution

Atterberg Limits

Classification
(USCS)

Well graded clean sand
(SW)
Lean Clay with Sand (CL)
Lean Clay (CL)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Silty Sand (SM)
Silty Sand (SM)
Silty Sand (SM)

Shear Strength Tests

Many different tests were conducted on the soil in order to determine the shear
strength of the various layers. All laboratory shear strength tests were done on the
clay layers deeper than 2.4 m (8 ft). An in-situ shear strength test was done on the top
sand layer, but no laboratory shear tests were performed on the sand layer. Samples
were obtained from several borings noted in Figure 3.2, DH-96-W, DH-02, and DH03. Unconsolidated-undrained (UU) triaxial tests were conducted on these samples as
well as a pocket torvane shear test performed on the sample from DH-96-W.
Unconfined compression tests were also performed on the sample from DH-03.
The results of the triaxial tests showed that shear strength (Su) increased
linearly with depth. As depth increased from 3m to 10.5 m (10 to 34 ft) the shear
strength increased from 25 to 60 kPa (500 to 1300 psf). These results were used to
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determine the ε50 values (the strain at which 50 percent of the shear strength is
mobilized). These values were needed for the computer program LPILE in order to
model the laterally loaded piles.
3.5.3

Modified Proctor Density Test

In April 2005 two modified proctor density tests were conducted on the top
sand layer. The results from both of these proctor tests are shown in Figure 3.7. The
dry unit weight for both tests averaged about 17.5 kN/m3 (111lb/ft3). This unit weight
average remained about the same at all moisture content levels. Thus the maximum
unit weight of compaction is relatively independent of the moisture content, meaning
there is no specific moisture content that will achieve a maximum unit weight of
compaction. This applies only within the range of 5 to 12 percent moisture content.

3

Dry Unit Weight (kN/m )
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Figure 3.7 Results from the modified proctor tests performed on the upper sand
layer. (Walsh, 2005)

44

CHAPTER 4 - SINGLE PILE LOAD TEST

4.1

INTRODUCTION
Two single piles were driven on the testing site, one adjacent to the 9-pile

group and one adjacent to the 15-piile group.

Because soil conditions and pile

properties are the same for both piles, test results are expected to be identical. Due to
time constraints the single pile adjacent to the 9-pile group was not tested. Only the
single pile adjacent to the 15-pile group was tested. All comparisons in this study
related to the single pile test refer to the single pile driven adjacent to the 15-pile
group. Testing and analysis of the single pile was preformed by Mathew Walsh and
this chapter in its entirety has been taken from that study (Walsh, 2005).

The

information from the single pile test was used extensively in this study for computer
modeling and comparison to the 9-pile group test; therefore it has been included in this
study.

This chapter will provide a discussion of the layout, instrumentation,

procedure, and results of the single pile tests.

Comparisons will also be drawn

between the results of a previous single pile test in clay (Snyder, 2004) and to the
results of the current tests in sand.
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4.2

TEST LAYOUT
The single pile used in this test was installed about six pile diameters west of

the west pile in the third row of the group as shown in Figure 4.1. The pile was driven
closed-ended on June 27, 2002. At the time, the test site surface had been excavated
to a depth 1.52 meters (5 feet) below the native ground level. The pile was driven
such that 2.1 meters (7 feet) of pile remained above the excavated ground surface,
leaving approximately 0.6 meters (2 feet) of pile above the native ground level. In
preparation for the most recent tests, an additional 0.9 m (3 feet) of clay was excavated
and then the test site soil surface was brought flush to the native ground level by
backfilling the excavation with washed concrete sand around all piles on the test site.
As indicated previously, the sand was compacted to a unit weight equal to
approximately 93 percent of the modified Proctor value.
The single pipe pile conformed to ASTM 252 Grade 3 specifications. The
outer diameter was 324 mm (12.75 in) and the wall thickness was 9.5 mm (0.375 in).
In conjunction with the I-15 reconstruction project, Geneva Steel performed tests on
192 piles of the same type as used at the airport site. Using the 0.2 percent offset
method, the average yield strength of the piles was determined as 404,592 kPa (58,684
psi) with a standard deviation of 15,168 kPa (2,200 psi). The average tensile strength
was found to be 584,087 kPa (84,715 psi) with a standard deviation of 17,650 kPa
(2,560 psi). LPILE calculations performed on the same pile type resulted in a yield
moment of 350 kN-m (258 kip-ft).
Loading of the pile was accomplished by pushing the single pile against the
pile group. A reaction beam (AISC Shapes W760x284 [metric designation] and
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W30x191 [English designation]) and a 1.34 MN (150 ton) hydraulic jack were both
placed between the group and the single pile, one end of the jack against the single
pile and the other against the reaction beam as illustrated in Figure 4.1. A channel
section was welded to the single pile to provide a flat pushing surface for the jack.
Additionally, a hemispherical swivel plate was placed between the end of the jack and
the channel section to minimize the potential for eccentric loading of the pile. Hence,
the test represented “free-head” pile conditions. The jack was placed approximately
480 mm (19 inches) above ground level. Expanding the jack loaded the single pile
laterally.
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North

15-pile Group
1.34MN Load Cell
Swivel Plates

1.34MN
Hydraulic Jack

W760X284

Single Pile

Edge of
Excavation

Figure 4.1 Plan view of single pile test setup (Snyder, 2004).

4.3

INSTRUMENTATION
Data of interest included pile-head deflection, load applied by the hydraulic

jack, and strain data along the length of the pile.
Pile head deflections were measured at the load point using two string
potentiometers sensitive to 0.25 mm (0.01 inches).

Both were attached to an

independent reference frame. Data collected with the two string potentiometers was
zeroed out and then averaged to obtain deflection data used in calculations and figures.
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Loads developed in the single pile test were measured using a 1.34 MN (150 ton)
strain gauge load cell.
Strains along the length of the pile were measured by water-proof electrical
resistance type strain gages manufactured by Texas Measurements, Inc. (model
WFLA-6-12). Strain gages were applied by sanding down the side of the pile until
smooth then rinsing with acetone. Strain gages were then attached directly to the pile
using an epoxy-based glue. A total of 42 strain gages were placed on the pile, one on
each side of the pile with two at each depth. The upper 28 gages were separated along
the length of the pile a distance of 0.46 meters (1.5 feet) on centers. The bottom 14
gages had an average separation of 0.91 meters (3 feet) on centers. Strain gage depths
are detailed in Figure 4.2.
Following the application of the gages, angle irons were welded along the
length of each side of the pile to protect the strain gages. Additionally, waterproof
foam was injected into the cavity created by the angle irons to further protect the strain
gages from damage. Despite these precautions, and primarily due to the age of the test
system, some strain gages had failed by the time of the test and no data was collected
from these devices. For example, both gages at a depth of 5.64 meters (18.5 feet)
below the current ground level were inactive and therefore data was not collected for
this depth. This was also the case with strain gages at depth 8.84 meters (29 feet)
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Load Point
483 mm Above
Ground Level

Ground Level

Gage @ Ground Level
0.76 m
1.52 m
1.98 m
2.44 m
2.90 m
3.35 m
3.81 m
4.27 m
4.72 m
5.18 m
5.64 m
6.10 m
6.55 m
7.01 m

Note: All Strain Gage
Depths are Relative to the
Ground Surface.

7.92 m
8.84 m
9.75 m
10.67 m
11.58 m
12.80 m

Figure 4.2 Strain gage depth and location along the length of the single pile.

below the current ground surface. However, because of the relatively close spacing of
the gages, there were still sufficient working gages to adequately define the bending
moment versus depth profile. Adding angle irons increased the pile moment of inertia
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324mm OD,
9.5mm Thick,
Closed-Ended
Steel Pipe Pile
Strain Gages
5.1mm Angle Iron
with 38.1mm Legs
Tapered to a Close at
the Lower End

Figure 4.3 Cross-sectional view of the single pile with additional angle iron
(Snyder, 2004).

from 1.16 x 108 mm4 (279 in4) to 1.43 x 108 mm4 (344 in4). Figure 4.3 is a crosssectional view of the pile with the additional angle irons.
Data from all devices were collected simultaneously at 0.5 second intervals
using an Optim Megadac data acquisition system. A total of 41 data collection
channels was used including those for the 42 strain gages (less the four that were
inactive), the two string potentiometers, and the one load cell.

4.4

TEST PROCEDURE
The single pile test was performed on October 15, 2004, approximately two

months following the completion of the 15-pile group test. The test was performed
using a displacement controlled approach. Once the data collection devices were
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connected, the single pile was pushed 3.2 mm (0.125 inches) to ensure that the system
was working properly.

Checks were made to ensure that measured loads were

reasonable, that good agreement existed between the two string potentiometers, and
that the strain gages were responding.
Once the equipment appeared to be working correctly, the single pile was
pushed to increasingly higher deflections. Target deflections were 6, 13, 19, 25, 38,
51, 64, 76, and 89 mm (0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5 inches). Following the
initial push to each new target deflection, nine additional cycles were applied for each
target deflection prior to pushing to the next highest deflection. This cycling was done
to simulate earthquake ground motions.

Seed et al. (1982) determined that

approximately ten cycles would result from a magnitude 6.75 earthquake. Previous
studies (Snyder, 2004) suggest the decrease in resistance beyond ten cycles is
relatively small and that most load reduction occurs in the first three cycles. Because
of safety concerns, the 89 mm (3.5 inch) target deflection was reached only once; ten
cycles were not performed for this last target deflection. Additionally, for target
deflections of 6 and 64 mm (0.25 and 2 inches) eleven cycles were unintentionally
applied.
Although most of the loading cycles occurred in quick succession with no
pauses, the deflection level for the first and tenth cycles was held constant for
approximately five minutes. This pause in loading allowed data to be read and entered
into a spreadsheet by hand for immediate comparison of the single pile test to that of
the 15-pile group conducted previously. Should aberrations have been noted during
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testing, this time would have allowed for correction. As it was, no aberrations that
were easily corrected were noted at this point.

4.5
4.5.1

TEST RESULTS
Load Versus Deflection

A review of the test data strongly suggests that the load measured by the load
cell is about 20 percent higher than the actual applied load. This conclusion is based
on two pieces of information. First, the measured load is 20 to 30 percent higher than
the load computed by taking the moment at the ground surface (as indicated by the
measured strain) and dividing by the height of the load above the ground. Second, the
measured load-deflection curve is about 20 percent higher than the load-deflection
curve for the first row of piles in the 15-pile group and the 9-pile group. Because
group interaction is relatively minor for the first row piles, their load-deflection curves
should be very similar to those for the single pile.
Due to the single pile loading mechanism, the loads measured by the load cell
are higher than the loads actually experienced by the pile. The pile likely experienced
some eccentric loading at larger deflection levels (12.7 mm and above) and rather than
reacting to the full load indicated by the load cell, experienced only a portion of that
load. This condition would likely have resulted in moments developing in the pile at
some elevation above ground surface. This cannot be confirmed, however, as no
strain gages were placed above ground surface. Figures indicating moment versus
depth (Figure 4.14 through Figure 4.18) display zero moment at the load point per a
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pinned connection as actual moments here cannot be assessed accurately. The pile
group didn’t experience this same problem due to the pin joints that connected the
piles in the group to the load frame. These pinned connections allowed the piles to
rotate while still transferring the full applied force. Laboratory tests showed that
overestimates of about 20 percent in the load could be produced by eccentric loading
of the load cell.
In order to compensate for the eccentrically applied load, a set of multipliers
was adopted to adjust the measured load data and obtain real values. These factors
varied as a function of deflection as shown in Table 4.1 and were arrived at by
comparing 9-pile and 15-pile first row load deflection curves to that of the single pile.
This procedure yielded overall better results in all points of comparison, as will be
discussed in Chapters 5 and 6. No adjustment is needed until larger deflections (12.7
mm) are reached, after which the factor becomes essentially constant. Figure 4.4
shows the load-deflection curves for the actual and adjusted single pile loads

Table 4.1 Target deflections and their associated multiplication factors.
Deflection
(mm)
3.2
6.4
12.7
19.1
25.4
38.1
50.8
63.5
76.2
88.9

Multiplication
Factor
1
1
0.84
0.78
0.78
0.78
0.78
0.78
0.78
0.78
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Figure 4.4 Comparison of the first cycle measured and adjusted load-deflection
curves for the single pile to the actual load-deflection curve for Row 1, first cycle
of the pile group.
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Figure 4.5 Comparison of the tenth cycle measured and adjusted load-deflection
curves for the single pile to the actual load-deflection curve for Row 1, tenth cycle
of the pile group.
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compared to that of the first row in the pile group for the first cycle. Figure 4.5
provides the same curves for the tenth cycle. The unadjusted single pile results are
clearly too high compared to those for the pile group. Put side by side, the graphs
show that the same multiplication factors produced equally satisfactory matches for
both the first and tenth cycle results.
The complete adjusted load versus deflection history of the single pile test is
provided in Figure 4.6. The initial push to the various target deflections and the
subsequent un-load cycles are apparent. It is also apparent that testing began just prior
to data collection, because the first data point collected is not at zero deflection and
zero load. This potentially could have posed a problem for zeroing out deflection
data. Fortunately, the values recorded by hand in the spreadsheet discussed earlier
provided the initial values necessary for zeroing out the data.
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Figure 4.6 Complete load versus deflection time history for the single pile test.
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One important observation regarding Figure 4.6 is that the lateral deflection of
the pile did not return to its initial value after each push. Although pile yielding would
produce such a pattern, the pile did not yield because the strains developed in the pile
were below the yield strain. The deflection offsets after each cycle are due to residual
soil deformation. As the pile was pushed laterally and then released, a gap began to
develop behind the pile. Often, the clean sand would collapse into this gap and come
to rest at some depth along the pile, preventing the pile from fully relaxing to its
originally unstressed position. A second observation is that the shape of the reload
curve is stiffer than the initial curve but the peak load is somewhat less than that for
the first cycle.
Figure 4.7 is a plot of adjusted peak load versus deflection for the first and
tenth cycles together with the loading paths of the tenth cycles. Immediately apparent
is the reduction in stiffness that occurs with additional cycles. The tenth cycle peak
loads are approximately 75 to 85 percent of those for the first cycle. However, at
loads below the peak, the resistance can be an even smaller percentage of the peak
first cycle load due to the shape of the reloading curve.
A thin gap formed in front of the pile prior to reloading. Due to this gap,
lateral resistance for the first part each push was provided primarily by the stiffness of
the pile rather than by the combined resistance of the pile and soil. This curve is
initially very steep but then begins to flatten and bend over. However, with continued
deflection, the pile closes the gap and soil resistance also develops. As a result, the
slope of the curve progressively increases up to the maximum deflection.
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Figure 4.7 Adjusted load versus deflection, showing the first and tenth cycle
peak load and the full tenth cycle up to the deflection at peak load.
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Figure 4.8 Deflection time history for the 51 mm (2 inch) target deflection push.
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As mentioned previously, some target deflections were cycled through eleven
times rather than ten. In the case of the 6 mm (0.25 inch) target deflection, data used
in Figure 4.7 was from the eleventh cycle. Additionally, for the 51 mm (2 inch) target
deflection, data used was that of the eighth cycle. The time history of deflection for
all cycles associated with the 51 mm (2 inch) target deflection is provided in Figure
4.8 and best illustrates the reason for using the eighth cycle instead of the tenth. While
many of the peak deflections associated with the cycles for this target deflection were
below the peak deflection for the first cycle, three other cycles were unintentionally
pushed beyond that initial deflection. In these cases, the peak load is higher than that
for the first cycle and no longer represent valid cycles for that target deflection. The
eighth cycle was chosen because its deflection was below that of the first cycle and
because its data lined up best with the trend of the other tenth cycle maximum loads
illustrated in Figure 4.7.
Interesting patterns unfold by comparing single pile results in sand to those
found for clay. Figure 4.9 shows a comparison of load versus deflection for single pile
tests conducted on the same pile in sand and in clay. The first cycle loads developed
in clay were about 60 to 70 percent of those developed for the first cycle in sand.
While Figure 4.9 does not draw a direct comparison for the last cycles in clay versus
those in sand (since clay was cycled through fifteen times and sand just ten), the
comparison is still informative. Snyder (2004) reports that cycling has little influence
on load or deflection past the tenth cycle and so the comparison is probably fairly
similar to one between tenth or fifteenth cycles directly. Loads developed in clay for
the last cycle of each target deflection were consistently around 60 percent of those
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developed in sand. This percentage would likely be slightly higher if tenth or fifteenth
cycles were compared directly.
Another interesting comparison that can be drawn between clay and sand is the
amount of residual deflection that results during testing in each soil type. Figure 4.10
provides plots of residual deflection at the beginning of a cycle relative to the peak
deflection reached during that cycle for both sand and clay. The solid dark line
indicates a slope of one for which the residual deflection would be equal to the peak
deflection. This figure shows residual deflections as much more significant in sand
than in clay. This result isn’t surprising because sand is much less cohesive than clay
and, hence, the more likely to fall into the gap that forms between the pile and the soil.
The larger volume of soil that fills this gap, the larger the residual deflections will be.
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Figure 4.9 Comparison of first and last cycle load versus deflection for sand and
clay in single pile testing.
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The relationship between residual and peak deflections is nearly linear with a
slight concave upward shape.

This slight concavity indicates that larger peak

deflections will result in somewhat larger residual deflections, relatively speaking.
The ratio between peak and residual deflections in sand for the first cycle is about 2:1
or a slope of approximately 0.5. The slope in sand for the tenth cycle is slightly higher
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Figure 4.10 Comparison of residual to peak deflections for sand and for clay in
single pile testing.
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at about 0.6. In contrast, the slopes for the first and last cycles in clay are about 0.1
and 0.15, respectively. Because of the cohesive nature of the clay, the pile in sand is
able to relax back closer to its original position relative to the pile in sand.
For both sand and clay, first cycles resulted in smaller residual deflections per
unit peak deflection than did last cycles. This difference results from the effects of the
numerous cycles performed between the first and last loading. During these eight to
thirteen intermediate cycles, additional soil fell into the gap between the pile and the
soil. Because the pile was pushed just as far in the last cycle as the first cycle and due
to the accumulation of material between the first and last cycles, last cycles have
larger residual deflections per unit peak deflection than do first cycles.
One way of quantifying the decrease system resistance with cyclic loading is
by using the definition of pile-soil stiffness K given by the equation

K=

∆F
∆L

(4.1)

where ∆F is the change in force between two sets of data and ∆L is the change in
deflection corresponding to those forces. In this case, ∆F is merely the maximum load
developed against the pile for a given cycle and ∆L is the recorded deflection at the
same time step. These K values have been normalized by the stiffness for the first
cycle, or Ki, to better represent the relative change in stiffness from one cycle to the
next. Figure 4.11 plots these normalized K values against the number of cycles for
most of the target deflections. Data for the 51 mm target deflection has been omitted.
As discussed above and shown in Figure 4.8, deflections for this push were not
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controlled properly.

Consequently, soil stiffness results for this push are not

representative of what would otherwise have been determined.
Although some very distinct patterns appear in Figure 4.11, Figure 4.12 shows
the average of these normalized stiffnesses versus number of cycles and depicts the
trends more obviously. Nearly half the loss of stiffness that occurred in all ten cycles
took place during the first cycle.

The subsequent nine cycles account for the

remaining 50 percent and the trend through these cycles is essentially linear. The two
pushes that best retained soil-pile system stiffness are those with the highest
loads/deflections, but in general there does not seem to be a relationship between
load/deflection and loss of system stiffness.
Figure 4.13 shows average normalized stiffness for sand compared to that for
the same pile tested in clay (Snyder, 2004). Despite the differences in soil type, the
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Figure 4.11 Comparison of normalized stiffness with cycle number for the single
pile test at various target deflections.
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Figure 4.12 Single pile average normalized stiffness versus cycle number.
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Figure 4.13 Comparison of average normalized stiffness degradation for sand
versus that for clay.
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general shape of the stiffness degradation curves is very similar in each case. The
average normalized stiffness for sand was generally only about three percent higher
than that of clay.
4.5.2 Bending Moment Versus Depth

In designing pile foundations for lateral loads, it is important to know the depth
to which significant bending moments are produced. Therefore, bending moment
versus depth curves were produced from the test results. Bending moments, M, were
calculated from the strain gage data using the equation

M=

EI (ε T − ε C )
∆h

(4.2)

where εT and εC are the strains measured on the tension and compression sides (with
opposite signs) of the pile, respectively; ∆h is the distance between the two gages; E is
the modulus of elasticity of the pile; and I its moment of inertia. Strains used in
Equation 4.2 were those corresponding to the time step at which maximum loads
developed for each target deflection during the first cycle. While strains used in
Equation 4.2 changed for each computation, all other values remained constant for all
piles at the test site. The modulus of elasticity used for all piles was 200 GPa (29,000
ksi) and the moment of inertia, 1.43 x 108 mm4 (344 inches4). The value of ∆h was
simply the outside diameter of the piles, 324 mm (12.75 in).
As mentioned above, some gages were completely inactive and so were not
connected to the data acquisition system. Other gages, although providing a signal,
malfunctioned in ways such that the data collected was obviously incorrect. Such
circumstances required workaround methods. If just one of the two gages at a specific
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depth malfunctioned, bending moments were calculated by doubling the strain read by
the working gage. This method offers a good solution since the modulus of elasticity
for steel piles is essentially the same in compression and tension.
In some cases, both gages at a specific depth malfunctioned and so bending
moment data could not be directly calculated for those depths. Instead, bending
moment data had to be interpolated based on the readings of the gages directly above
and below the malfunctioning gages. This interpolation was accomplished using a
spreadsheet developed by Gerber (2003) for his dissertation that, given moment data
along the length of a pile, uses a Lagrangian interpolating polynomial to provide
information at desired points. In this way, bending moments shown in Figure 4.14
were either solved for directly, or were plausibly interpolated. Note that interpolated
points were omitted from the graph but were allowed to influence the trend of the plot.
Maximum bending moments in the pile occurred within the top two meters
below ground level and returned essentially back to zero by a depth of five meters
below ground level. The maximum moment developed in the single pile test was
about 325 kN-m (240 kip-ft). This value approached the yield moment of the pile
which was 350 kN-m (258 kip-ft), but is still far enough below yielding that this pile
is still useful for future testing.
Figure 4.15 shows the bending moments at peak loads for the tenth cycle of
each target deflection. Figure 4.16 shows a comparison of moments at peak loads for
the first and tenth cycles at 13 mm (0.5 inches) and 76 mm (3 inches) target
deflections. Maximum bending moments at peak loads were slightly higher for the
first cycle of all pushes compared to those for the tenth cycle. The maximum
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Figure 4.14 Single pile test bending moments versus depth below ground surface
at first cycle peak loads for the indicated target deflections.
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Figure 4.15 Single pile test bending moments versus depth below ground surface
at tenth cycle peak loads for the indicated target deflections.
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Figure 4.16 Comparison of single pile test bending moments versus depth below
ground surface at first and tenth cycle peak loads for the indicated target
deflections.
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bending moment at peak loads for the first cycle with a target deflection of 13 mm (0.5
inches) was 75 kN-m (55 kip-ft) versus 65 kN-m (48 kip-ft) for the tenth cycle of the
same target deflection. Similarly, the maximum bending moment at peak loads for the
first cycle with a target deflection of 76 mm (3 inches) was 310 kN-m (229 kip-ft)
versus 300 kN-m (221 kN-m) for the tenth cycle at the same target deflection.
Because the tenth cycles required less load than the first cycles to reach a target
deflection, bending moments developed in the tenth cycles were lower than those in
the first.
Normalizing bending moments by their associated loads facilitates a better
comparison of maximum bending moments. Figure 4.17 shows normalized bending
moments versus depth for the first and tenth cycles of loading at target deflections of
13 mm (0.5 inches) and 76 mm (3 inches). This figure shows that for each target
deflection, the tenth cycle requires the pile to withstand more moment per load than
the corresponding first cycle. Laterally displacing the pile increases the normalized
moments developed in the pile by forming a separation between the pile and the
surrounding soil and by softening the soil directly adjacent to the pile. For the first
cycle at each target deflection, both the soil and the pile resist lateral loads. However,
as the number of cycles increases and the soil resistance decreases, the soil provides
less resistance to bending. As a result, the pile must resist proportionally more load
relative to the surrounding soil. This results in higher normalized moments as the
number of cycles increases.
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Figure 4.17 Comparison of single pile test normalized bending moments versus
depth below ground surface at first and tenth cycle peak loads for the indicated
target deflections.
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Snyder (2004) reports that maximum bending moments developed at notably
greater depths for larger deflections for the single pile test in clay. This occurrence
does not appear to be true for sand, except perhaps for a slight increase in depth as
possibly interpreted in Figure 4.18. This figure shows maximum bending moments
versus depth in clay and in sand for two target deflections each. In sand and for small
deflections, maximum bending moments occur approximately one meter (or three pile
diameters) below ground level. For large deflections, they occur at about 1.5 meters
(or 4.6 pile diameters) below ground level, an increase in depth of 50 percent. In clay
the increase for the same target deflections was about 100 percent.
This difference is likely due to the sand being stiffer than clay. Because of the
lower strength of the clay, resistance to lateral deflection appears to be distributed to a
greater depth than sand for the same target deflection, resulting in the maximum
bending moment occurring at a greater depth for clay than for sand. This result is
exacerbated by the tendency of sand, once disturbed, to collapse into the gap between
the pile and the soil. This accumulation also tends to concentrate moments directly
above the buildup of sand.
Another significant observation is that the moments developed in the pile in
sand were significantly larger than those developed in clay. Because sand is much
denser and stiffer than clay, it resists pile deflections more than clay does, thus
requiring more force to reach the same deflections. This increased load results in
higher moments developed in the pile for a given deflection.
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Figure 4.18 Comparison of single pile moments in clay and sand at two target
deflections. (Curves for clay from Snyder, 2003.)
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4.5.3 Maximum Moment Versus Load

Figure 4.19 provides plots of maximum moment relative to adjusted peak loads
for both the first and tenth cycles. The maximum moment is the largest moment along
the length of the pile for a given applied load. The concave upward trend of these
plots indicates that the moments grew disproportionably greater at each successive
load increment. This results from the fact that the sand becomes progressively softer
with each cycle and is therefore less able to restrain the bending of the pile with each
cycle. This behavior was especially true of the tenth cycle, illustrated by its momentload curve being located above that for the first cycle curve.
Figure 4.20 presents the same maximum moment versus load plot as in Figure
4.19 but with additional data for the pile in clay reported by Snyder (2004). As with
previous figures, Figure 4.20 displays the effect of the softer nature of clay compared
to that of sand. The pile in clay developed greater moments compared to similarly
loaded sands for the same reasons discussed previously.
The single pile test shows that cyclic loading of a pile results in its surrounding
soil losing stiffness and contributing increasingly less to lateral load resistance with
each additional cycle. This loss of stiffness in turn requires the pile to resist more of
the applied lateral load and in turn develops greater bending moments in the pile. It
also shows that laterally loaded piles in softer soils will develop greater maximum
moments per load.
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Figure 4.19 Plot of peak adjusted load and corresponding maximum bending
moment for the first and tenth cycles for the single pile test.
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CHAPTER 5 - PILE GROUP LOAD TEST

5.1

INTRODUCTION
A full-scale lateral load test was performed on a 9-pile group in a 3x3

configuration. The piles within the group were spaced at 5.65 pile diameters centerto-center in the direction of the loading. Testing layout, instrumentation, procedure,
and results will be reviewed in this chapter. The results of the test will be compared
against the single pile test discussed in Chapter 4 in order to evaluate group effects in
the pile group. Comparisons will also be drawn between the results of this test
performed in sand and the results of the same 9-pile group tested in soft clay (Johnson,
2003). Comparisons will also be made to the 15-Pile group tested in sand (Walsh,
2005).

5.2

TEST LAYOUT
The testing site is located in Salt Lake City near the Salt Lake City

International Airport. The site is in an open lot about 300 meters north of the air
control tower. Many previous tests have been performed at this site, all of which were
tested in the soft clay soils native to the site. The first pile group test done at the site
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was carried out in 1996 on a 9-pile group located at the south end of the site.

The

pile group tested in this study was driven on June 26, 2002 together with a 15-pile
group driven the next day on June 27, 2002. All together 26 closed-ended steel piles
were driven on the site during those two days, the 15-pile group, the 9-pile group, and
two single piles. Two reinforced concrete drilled shafts with diameters of 1.22m (4ft)
were installed in-between the two pile-groups and provided the reaction for the lateral
loading of the two pile groups.
The piles tested in this study were arranged in a group of three rows with three
piles in each row. The piles were spaced at 5.65 pile diameters (1.83m) center-tocenter in the direction of loading. The side-to-side spacing of the piles within each
row was 3.29 pile diameters (1.07m) center-to-center perpendicular to the loading.
This pile layout can be seen in Figure 5.1 which provides a plan view of the 9-pile
group as well as the two drilled shafts that were used as a reaction for the lateral load.
The single pile was driven to the west of the middle row of the pile group. The single
pile is not shown in the figure because it was not tested in conjunction with this study.
The single pile adjacent to the 15-pile was the single pile tested and used for
comparison to this study (see Chapter 4).
The piles were driven using a 102 kN hydraulic hammer which delivered
blows at an energy level ranging from 7 to 27 kN-m. The piles were driven to a depth
of 11.6 m (38 ft) below the ground surface, which had already been excavated 1.5 m
(5ft) below the original ground surface. During pile driving, data was collected
regarding the blow counts per 0.3-m (1-ft) of driving depth. The order in which the
piles were driven was also recorded. This data can be seen in Figure 5.2. As seen in
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the figure the average blow count per 0.3 meters of depth for the group piles was 2-3
for the soft clay layers, but averaged as high as 15 for the denser sand layers. The
blow counts for the single pile matched very well with the group piles, with some
higher blow counts in the upper sand layer at a depth of three to four feet. Many of
the discrepancies in the number of blow counts can be attributed to the differences in
energy levels delivered to the piles from the hammer.

North
324mm OD
Closed End
Steel Pipe Piles

1.83m (5.65D)
1.07m (3.29D)

7.92m
3.66m

1.22m Drilled Shafts
with 1.22m x 1.22m
x 0.8m Caps

Figure 5.1 Plan view of the 9-Pile group and drilled shafts.
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Figure 5.2 Driving order and blow counts for piles in the 9-pile group (Johnson,
2003)
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All piles in the pile croup conformed to ASTM A252 Grade 3 standard
specifications. The center pile of each row was equipped with strain gages along the
length of the pile similar to the single pile (see Chapter 4). Only the center pile of
each row was equipped with these strain gages, the outside piles in the rows did not
have strain gages. Because of the angle iron used to protect the strain gages, the
center piles in each row each had a moment of inertia of 1.43 x 108 mm4 (344 in4)
about the axis perpendicular to the loading. The remaining six outside piles in the
group each had a moment of inertia of 1.16 x 108 mm4 (279 in4).
In June of 2004, in preparation for this study, an additional 0.9 m (3 ft) of soft
clay was removed from around the pile group, leaving an excavation of 2.4 m (8 ft)
below the original ground surface. This excavation was then backfilled with clean
washed concrete sand. After backfilling was completed, the site was prepared for
installation of the lateral loading system.
Figure 5.3 and Figure 5.4 show the plan view and profile view of the lateral
loading system. The row labels noted in Figure 5.3 (Row 1, Row 2, and Row 3) will
be used throughout the remainder of this study to describe the piles pertaining to those
rows. A large steel load frame was placed around the pile group. The load frame was
connected to each of the piles causing the piles to move together as a group when the
load frame was pushed laterally. Each of the piles was connected to the frame using a
pinned connection which allowed each pile head to rotate freely.

Each pinned

connection resulted in a load point 0.48 m (19 in) above the ground level. Wheels that
were welded to the bottom of the load frame allowed the frame to move laterally.
Long w-shaped steel beams ran along the ground in-between the piles and provided
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smooth flat runners on which the wheels of the load frame could roll with minimal
friction.

North

W920x313

Row 3
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Hydraulic Jacks
with Two 1.34MN
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Figure 5.3 Plan view of the loading system for the 9-Pile group and the drilled
shafts.
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Figure 5.4 Profile of the 9-Pile loading system setup.

Two 1.34-MN (150 ton) hydraulic jacks were placed to the south of the drilled
shafts, one against each shaft. The jacks wee powered by an electric pump that could
provide a maximum pressure of 69,000 kPa (10,000 psi). The jacks pushed against the
drilled shafts and loaded a W760 x 284 (W 30 x 191 US Standard Shape) loading
beam. This loading beam also contained wheels and runner bars which allowed it to
move laterally. The jacks were positioned against hemispherical shaped swivel heads
that allowed the jacks to rotate in order to prevent any eccentric loading. As the jacks
expanded, the loading beam was pushed laterally to the south. This loading beam was
attached to the pile group load frame by eight Dywidag bars that extended from the
loading beam to an identical W760 x 284 beam that was bolted to the load frame. The
Dywidag bars were #9 threadbars 32 mm (1.25 in) in diameter with a yield strength of
517,000 kN/m2 (75,000 psi). Once again this illustration can be seen in Figure 5.3 and
Figure 5.4. Thus, the load was transferred from the jacks, to the loading beam,
through the Dywidag bars, through the load frame, and into the individual piles.

5.3

INSTRUMENTATION
Careful instrumentation was necessary in order to gather all required data

during lateral load testing. Three primary quantities needed to be measured:

•

Load – this includes total load applied to the pile group as a whole and the
individual loads resisted by each pile.

•

Deflection – this includes the deflection of each of the piles in the group
under the given lateral loads.
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•

Strain – this includes the strains developed along the length of the piles in
order to produce bending moment profiles.

The Optim Megadac data acquisition system was used to collect all data
gathered during the test. This is the same data acquisition system that has been used
for all pile testing done at this site, including single pile testing discussed in Chapter 4.
Electric power for the data acquisition system was supplied by a portable gasoline
generator and a UPS box was used to condition the power. Test instrumentation used
all 142 of the available data collection channels. Load data was collected with 11
channels (9 for each pile and 2 for the drilled shafts). Deflection data also required 11
channels for collection. The remaining 120 channels were used to collect the strain
data from all of the strain gages along the lengths of the piles in the center of each
row. Data was recorded at half-second intervals throughout the course of the test.
5.3.1

Load Instrumentation

Each of the two hydraulic jacks had an associated 1.34-MN load cell that
measured the load that was applied against the drilled shaft. Each individual pile in
the group had a tie rod that attached the pile to the load frame. Each tie rod had a pair
of strain gages attached to it that measured the load resisted by each pile and canceled
out any bending strains. A picture of this set-up can be seen in Figure 5.5 which
shows a load cell attached to a pile and connected to the load frame. Thus, the tie rods
served as load cells measuring load to the individual piles while the jacks measured
load to the pile group. Ideally, the total load exerted to the pile group from the jacks
should equal the sum of the loads resisted by the piles in the group. In actuality there
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Figure 5.5 Instrumentation for load and deflection (Walsh 2005)

was never exact agreement, however the difference was usually within 1% indicating
that the loads measured were indeed very accurate.
5.3.2

Deflection Instrumentation

All deflections were measured using string potentiometers.

These string

potentiometers were accurate to 0.25 mm (0.01 in). A total of 11 string potentiometers
were used, one attached to each pile in the pile group and one attached to each drilled
shaft.

Deflection measurements were accomplished using an independent fixed

reference frame with supports located about 1.5 m outside the pile group. This fixed
frame was placed slightly above the load frame and remained stationary as the load
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frame was cycled laterally during testing. All string potentiometers were carefully
calibrated prior to testing. The string potentiometers were attached to the fixed frame
at a distance of approximately 10 cm (4 in) behind each pile in the group. A small
string went out from each string potentiometer to a hook fastened to the back of each
pile. Thus, as the pile deflected laterally the string from the string potentiometer
extended with the pile and measured the amount of deflection. Figure 5.5 shows a
photo of the instrumentation setup for measuring deflection. The fixed reference
frame and a string potentiometer can be seen in the figure.
5.3.3

Strain Instrumentation

Strain gages were placed along the length of the center pile in each row. As
discussed earlier, these strain gages were only attached to the center piles because all
other piles in the same row were expected to have similar strains and moments. Thus,
the strain data collected from each of the three piles would be representative of the
entire row. These strain gages were model WLFA-6-120 electrical resistance gages
manufactured by Texas Instrumentation, Inc. A total of 42 strain gages were attached
using epoxy to the sides of each center pile in each row. The gages were attached on
the north and south sides of the piles at all the same depths as the single pile test
described in Chapter 4. Figure 5.6 shows the locations of these strain gages relative to
the ground surface.
The stain gages at the ground level and at a depth of 0.76 m were attached in
2004 just prior to backfilling the excavation with sand. The rest of the strain gages
were all placed in the summer of 2002 when the piles were originally driven. Just as
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Figure 5.6 Strain gage locations along the length of the center pile in each row of
the 9-pile group.

described in the single pile test in Chapter 4, these strain gages were covered with
waterproof foam and protected by an angle iron running along the side of the pile.
These precautions were made in order to protect the gage and insure valid results.
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However, due to the age of the gages, some of them did not function properly and
returned data that was inconclusive. However, there were many gages and enough of
the gages functioned properly in order to produce reliable moment data. The four
gages attached in 2004 seemed to work the best because they were the newest gages.
The deepest gages located at 12.80 m were not used in the test because of the lack of
channels and because strains at this depth were expected to be very small.

5.4

TEST PROCEDURE
The 9-pile group lateral load test was conducted on September 8, 2004.

Target deflections were originally chosen to be 6, 13, 19, 25, 38, 51, 64, and 89 mm
(0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and 3.5 in). However, previous testing of the 15pile group showed that the loading system had great difficulty reaching deflections
beyond 51 mm (2.0 in) without experiencing mechanical failures. Therefore, target
deflections of 64 and 89 mm (2.5 and 3.5 in) were not attempted. The system was
loaded until it reached each target deflection, beginning with the smallest deflection of
6 mm (0.25 in). The load frame was pushed to the target deflection and then held in
place for five minutes. This five minute holding period allowed time for manual
instrument checks to be made of deflection and load measurements. The load frame
was then cycled nine more times at that target deflection before progressing to the next
target deflection. This process was repeated for each target deflection making a total
of ten cycles at each deflection up to 51 mm (2.0 in). At 51 mm (2.0 in) the load
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frame began having difficulty reaching the target deflection. Because of concerns for
the safety of personnel, the 51 mm target deflection was only cycled four times.

5.5
5.5.1

TEST RESULTS
Load Results

Figure 5.7 shows a plot of the load versus time for the three piles in Row 3 for
the 25 mm (1.0 in) target deflection. Similar load data was collected for all the rows at
all the target deflections. The figure shows the ten cycles through which the group
was cycled. It can be seen in the figure that the peak load for the first cycle was held
longer than for the remaining cycles in order to check instrumentation and collect
manual readings. It can also be seen that the peak loads decrease from the first cycle
to the last cycle. This decrease in load is due to the gapping effect. The soil is pushed
forward and compacted, but as load is released and the pile deflects backward a gap
forms in front of the pile into which sand can fall, loosening the sand in front of the
pile. Therefore, because of the gap and loosened sand, less load is required to return
the pile to the same deflection. Typically the amount of load carried by each pile
within a row varied slightly, as seen in Figure 5.7. The variation of load resisted by
piles in the same row is discussed in detail in a further section.
Comparisons were made to check the accuracy of the load measurements.
Load measurement accuracy was checked by comparing the load distributed to the
loading frame by the jacks to the sum of the loads resisted by the piles. Figure 5.8
shows the total group load compared to the sum of the loads resisted by the piles,
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Figure 5.7 Load versus time for Row 3 piles at 25 mm target deflection.
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Figure 5.8 Total group load compared to the sum of the pile loads at 25 mm
target deflection.
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plotted against time for the 25 mm (1.0 in) target deflection. As discussed previously,
total group load from the jacks should equal the sum of the loads resisted by the piles.
As seen in the Figure 5.8 there was very good agreement between the two, with
differences averaging less than 1%. Such agreement was consistent for all target
deflections. This agreement confirms that the load cells were working accurately and
that the data collected from the load cells was very reliable.
5.5.2

Deflection Results

Figure 5.9 shows the deflection versus time for the piles in Row 3 for the 25
mm (1.0 in) target deflection. Once again the ten cycles can be seen in the figure, with
the first cycle being held longer than the remaining cycles. Similar deflection data
was gathered for all the rows at all the target deflections. It can be seen in the figure
that the deflection does not drop back down to zero in-between the cycles. This is a
result of the residual deflection of the piles. With each cycle a certain amount of
residual deflection remains in the pile. It appears that sand fell into the gaps that
formed behind each pile, preventing the piles from returning to their original positions.
These residual deflections tended to increase with higher target deflections.
Figure 5.9 also shows some variation in the amount of deflection among the
piles in the same row. This was typical in all the rows at all target deflections. These
variations were very small, usually within 2 to 3% of the average deflection for the
group. Just as with the load, these variations seemed to be random with no particular
pattern as to which piles deflected more within the row. These results indicate that the
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Figure 5.9 Deflection versus time for Row 3 piles at 25 mm target deflection.

load frame remained relatively rigid throughout the cycling process and that the
deflection data collected provided acceptable accuracy.
5.5.3

Load versus Deflection

Combining the load and deflection data, plots of load versus deflection were
made and evaluated. Figure 5.10 shows the total group load versus average group
deflection curves for all ten cycles at every target deflection.

All six target

deflections, (6, 13, 19, 25, 38, and 51 mm (0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 in)) can be
seen easily in the figure. After the load is released at each cycle, the deflection
decreases to a residual value less than the peak deflection, but it does not return to
zero. It can also be seen once again that the peak load decreases as the number of
cycles increases at each target deflection. All target deflections were cycled 10 times
except for the last target deflection (51 mm) which was only cycled four times due to
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Figure 5.10 Total load versus average group deflection for all cycles at all target
deflections.

safety concerns. The peak total load for the whole test was about 1100 kN, which was
reached in the first cycle of the 51 mm target deflection.
The data from Figure 5.10 is simplified in Figure 5.11 and shows only the peak
loads reached during the first cycle compared to the peak loads reached during the
tenth cycle at each target deflection. Similar to the single pile test, the tenth cycle
peak loads were between 75 and 85 % of the first cycle peak loads. This reduction in
load from the first cycle to the last is a result of the gapping effect that has been
discussed previously.
Also presented in Figure 5.11 is the shape of the loading curve up to the tenth
cycle peak loads at each target deflection. The shape of these curves was discussed in
Chapter 4 and once again is a result of the gapping effect. Because of the
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Figure 5.11 Total load versus average deflection for the first and tenth cycle
peak loads and the tenth cycle load curves for each target deflection.

gap, the lateral resistance after the first cycle becomes more dependent on the stiffness
of the pile instead of the soil resistance. Thus the curve is initially very steep but
begins to bend over and flatten out as the pile stiffness gives way under the load.
Then as deflection continues the gap closes and the pile once again comes in contact
with the soil. Thus lateral resistance once again develops in the soil and the curve
becomes steeper until it reaches the target deflection. There was no tenth cycle for the
51 mm (2.0 in) target deflection, so the dashed line represents the estimated shape of
the continued load curve based on the shape of the first cycle load curve.
Some interesting comparisons can be made between this pile group tested in
sand and the same pile group tested in clay in 2003 (Johnson, 2003). Figure 5.12
shows the total load versus average deflection curves for the first and tenth cycle of
this test (shown in Figure 5.11) compared to the same curves for the test done in clay.
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Figure 5.12 Comparison of first and last cycle peak loads versus deflection for
the same pile group tested in clay and in sand.

Notice that the test done in clay was cycled 15 times instead of 10 times but is shown
for comparison none the less. Loads developed for the group in clay are much less
than the loads developed for this test in sand at the same deflections. This is also
consistent with the findings of Walsh, 2005. This increased resistance occurs because
sand is denser, stiffer, and has a higher friction angle than clay. As a result, sand
provides more lateral resistance. Thus, more load must be exerted in sand relative to
clay to reach the same deflections.
5.5.4

Efficiency

Much of the testing that has been done on laterally loaded pile groups uses
efficiency factors to compute the load capacity of piles in a group relative to a single
isolated pile. The efficiency factor is the ratio of the average lateral load carried by a
pile in the group to the single pile load at the same deflection. Figure 5.13 compares
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the average pile load vs. deflection curves for the single pile and group piles for the
first and tenth cycles. As expected, the group piles have much lower average load
capacities than the single pile due to group interaction effects.
Efficiency factors were computed from the data shown in Figure 5.13 as the
average group load divided by the single pile load. Figure 5.14 shows a plot of the
efficiency factor versus deflection for each of the rows for the first cycle. Figure 5.15
shows the same plots for the tenth cycle. In both figures it can be seen that efficiency
decreases slightly with increasing deflection. It can also be seen that efficiency
decreases with each row. The first pile resists the most load and is therefore the most
efficient with an efficiency of 1.0. Rows 2 and 3 are less efficient with an efficiency
of about 0.7.
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Figure 5.13 Average load versus deflection for the first and tenth cycle of the
group piles compared to the same for the single piles.
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Figure 5.14 Efficiency versus deflection for each row of the 9-pile group at the
first cycle for each target deflection.

10th Cycle
1.2
Row 1

1.1

Row 2

Efficiency

1

Row 3

0.9
0.8
0.7
0.6
0.5
0.4
0

10

20

30

40

50

60

Deflection (mm)

Figure 5.15 Efficiency versus deflection for each row of the 9-pile group at the
tenth cycle for each target deflection.
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Figure 5.16 compares the efficiency of the pile group tested in sand to the
efficiency of the same group tested in clay (Johnson, 2003).

In both cases the

efficiency decreases with increased deflection and then seems to flatten out and
become constant. The decrease in efficiency is a result of the group effects. The shear
zones discussed in Chapter 1 grow larger and begin to overlap at greater deflections,
reducing the loads necessary to reach further deflections. Figure 5.16 suggests that
these shear zones stop growing and become constant in sand at deflections above 25
mm (1.0 in) with an efficiency of about 0.8. In clay the group effects seem to become
constant above deflections of 38 mm (1.5 in) with an efficiency of about 0.9. It is
difficult, however, to tell if this trend will continue at higher deflections.
The data in Figure 5.16 can be compared to the same data gathered for the 15pile group spaced at 3.92 pile diameters, shown in Figure 5.17 (Walsh, 2005). For the
15-pile group the efficiency seemed to level off and become constant at the same
deflections for the sand and the clay. Notice, however, that for both the sand and the
clay tests the efficiency is higher for the 9-pile group than for the 15-pile group. This
is a result of the piles being spaced closer together for the 15-pile group. With the
piles spaced closer together the shear zones overlap more and the increased group
effects result in decreased efficiency for the 15-pile group.
For both groups the clay was more efficient than the sand. This is because
sand is denser and has higher friction angles than clay. The shear zones that develop
in sand are wider and longer than those that develop in clay. With wider and longer
shear zones there should be more overlap and greater group interaction, which would
decrease the efficiency in sand relative to clay.
99

9-pile group spaced at 5.65 diameters
1.1
1

Efficiency

0.9
0.8
0.7
0.6

Sand - 1st Cycle

0.5

Clay - 1st Cycle

Sand - 10th Cycle
Clay - 15th Cycle

0.4
0

10

20

30

40

50

60

Deflection (mm)

Figure 5.16 Efficiency versus deflection for the 9-pile group for the first and last
cycles tested in sand and clay.
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Figure 5.17 Efficiency versus deflection for the 15-pile group for the first and
last cycles tested in sand and clay (Walsh, 2005).
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5.5.5

Stiffness versus Number of Cycles

A reduction in the stiffness of the pile group occurred as the group was cycled at each
target deflection. The stiffness of the pile group was calculated according to Equation
4.1 dividing the total peak load by the average group deflection for each cycle. In
order to see the reduction in stiffness with each cycle, the stiffness value (K) for each
cycle was normalized by dividing by the stiffness of the first cycle (Ki).

The

normalized stiffness (K/Ki) was plotted against the number of cycles in order to see
what percentage of stiffness was lost with each cycle.

Figure 5.18 shows the

normalized stiffness plotted against the number of cycles for various target
deflections. There was a very consistent reduction in stiffness with each cycle for all
the target deflections. For each target deflection most of the stiffness was lost after the
first cycle, generally about 10 to 20 percent. The loss in stiffness after the first cycle
was at a slower rate. There seems to be no apparent pattern as to which target
deflections had the most reduction in stiffness.
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Figure 5.18 Normalized stiffness versus number of cycles at various target
deflections for the 9-pile group.
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11

The reduction in stiffness was averaged for all target deflections and the
average normalized stiffness versus number of cycles is shown in Figure 5.19. The
scatter at each cycle is plotted on the graph to indicate the spread of data about the
mean. The pile group lost an average of 13 percent of the stiffness after the first cycle,
and about 24 percent of the stiffness after ten cycles. This compares to the single pile
test which lost eight percent of the stiffness after the first cycle (see Chapter 4).
Figure 5.20 shows an interesting comparison between the average stiffness
degradation in the two pile groups tested in sand, compared to that in the same two
pile groups when tested in clay. Stiffness data was gathered from the 9-pile group
tested in clay (Johnson, 2003), the 15-pile group tested in clay (Snyder, 2004), the 15pile group tested in sand (Walsh, 2005), and this study. In both sand and clay the 9pile group lost more stiffness due to cycling than the 15-pile group. This is likely due
to the fact the piles in the 9-pile group are spaced farther apart and therefore have less
group interactions. In addition, more load is required to push the 9-pile group to the
same deflections, and these higher loads disturb the surrounding soil more and cause a
greater reduction in stiffness with cycling. Another trend seen in the figure is that for
both the 15-pile and the 9-pile group there was greater reduction stiffness in sand than
in clay. This could also be a result of greater group interactions and higher load levels
in the sand than in the clay. As indicated previously, group interactions would be
expected to be greater for sand than for clay due to wider and longer shear zones.
While these observed differences in stiffness degradation are relatively small, the
trends are quite clear.
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Figure 5.19 Average normalized stiffness versus number of cycles for the 9-pile
group.
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Figure 5.20 Average normalized stiffness versus number of cycles for the 9-pile
group and the 15-pile group tested in sand compared to the same pile groups
tested in clay.
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5.5.6

Load Distribution among Piles and Rows

The elastic theory for laterally loaded pile groups suggests that the outer piles
within a given row will resist more load than the center piles in the row. As discussed
in Chapter 2, this was observed in a few tests done in sand (Ruesta and Townsend,
1997; Rollins et al., 2005). However, in tests that have been conducted in clay this
trend has not been observed (Brown et al., 1988; Rollins et al., 2003a; Rollins et al.,
2003b). This trend has been attributed to the wider shear zones that develop in sand
which increase the group interactions for the piles in the center of the rows.
Figure 5.21 shows the distribution of first cycle peak loads among piles in each
of the three rows from this test. As observed in the figure, the outer piles in each row
did not resist more load than the center piles. In fact the opposite trend was often
observed. For two of the rows, the center piles resisted somewhat higher load than the
outer piles while in the third the loads were nearly identical. Although wider shear
zones in sand cause the inner piles within a row to resist less load in pile groups
spaced at 3 and 3.3 pile diameters; the same trend is not observed in this pile group
spaced at 5.65 pile diameters. Apparently the shear zones were not wide enough to
have the same effect. The fact that the center pile in each row typically resisted
somewhat greater loads is most likely a result of the higher EI value for the center
piles and potential variations in compaction and soil conditions between piles.
Another important issue in lateral pile testing is the distribution of load
between rows in a pile group. This pattern could be seen in the previous section
covering efficiency of the piles. Row 1 was the most efficient row because it resisted
the most load in comparison to the single pile, followed by Row 2
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Figure 5.21 Comparison of the first cycle peak loads versus deflection for the
west, center, and east piles for Rows 1 through 3.
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and Row 3. It is easier to see to see the load distribution between rows by plotting the
average load versus deflection curve for each row in comparison to the single pile as
has been done in Figure 5.22. As discussed previously, Row 1 resisted the most load
and behaved almost exactly the same as the single pile. Row 2 carried the next highest
load and Row 3 was only slightly less than Row2. These results are consistent with
previous testing done in sand (Rollins et al., 2005). Group interactions are greater in
the trailing rows (rows 2 and 3) because of the shadowing effect of the shear zones.
The shear zones extend beyond the piles in front of them, decreasing the amount of
soil resistance. In groups with more than three rows it has been observed that the last
row often carries somewhat more load than the row directly in front of it (Rollins et
al., 2005; McVay et al., 1998). However, it has often been observed that Rows 2 and
3 are quite similar and in sand the same design curve is used to get p-multipliers for
both the 2nd and 3rd rows (Rollins et al., 2005).
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Figure 5.22 Average first cycle peak loads versus deflections for the single pile
and each row in the 9-pile group.
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5.5.7

Bending Moment versus Depth

Bending moments for the 9-pile group were calculated using the same
procedure that was used in Chapter 4 to calculate bending moments for the single pile.
Strain gage data was used to calculate the moments using equation 4.2. Because there
were two strain gages at each depth, if one strain gage malfunctioned then data was
used from the other strain gage at that depth. If both strain gages at a certain depth
malfunctioned, the interpolation method described in Chapter 4 was used to estimate a
moment value in producing a smoothed moment vs. depth curve; however, no data
point is shown on the plots. This procedure worked quite well for the single pile but
proved to be more difficult for the pile group. The pile groups had more defective
strain gages than the single pile and more interpolation was necessary.
Figure 5.23 and Figure 5.24 show the bending moment versus depth curves for
all target deflections at first cycle peak loads. Figure 5.25 and Figure 5.26 show the
same bending moment versus depth curves for the tenth cycle peak loads. The points
on the graphs represent measured data points, while the smooth curve considers both
measured and interpolated data points. Notice in the graphs that most of the peak
moments are interpolated and are thus poorly constrained. Only the strain gages for
row 2 provided measured values for peak moments. Row 3 peak moments were
interpolated using the program developed by Gerber (2003). This program could not
accurately interpolate peak moments in Row 1 due to a greater lack of sufficient data
points; therefore, peak moments for Row 1 were interpolated using ratios based on the
Row 2 peak moments.
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Figure 5.23 First cycle bending moment versus depth for the 6 mm, 13 mm, and 19 mm target deflections.
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Figure 5.24 First cycle bending moment versus depth for the 25 mm, 38 mm, and 51 mm target deflections.
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Figure 5.25 Tenth cycle bending moment versus depth for the 6 mm, 13 mm, and 19 mm target deflections.
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Although there was a large amount of interpolation, some very important
patterns can still be seen in the moment versus depth plots in Figure 5.23 through
Figure 5.26.

The single pile moments were included in each of the graphs for

comparison. In general, the single pile moments closely match the Row 1 moments at
most target deflections. The Row 1 moments are slightly higher than the single pile
moments for the 6mm and 13 mm target deflections, but this could be due to errors in
interpolation. The general pattern observed in the moment vs. depth figures is that
Row 1 developed the largest moments in the group, followed by Row 2 and Row 3.
This is directly correlated to the fact that Row 1 resisted the highest loads at a given
deflection level. These trends are best noted at the higher target deflections where
there are greater differences between maximum moment values.
These trends are consistent with those that have been observed in previous
testing of the same pile group in clay (Johnson, 2003). In clay, the variation in peak
moments at the same target deflection between rows was lower. The peak moments
for Row 2 and Row 3 more closely resembled those of Row 1 and were only slightly
lower. This is most likely a result of the smaller shear zones that develop in clay.
Smaller shear zones result in less group interactions, therefore the trailing row
moments more closely resemble the first row moments.
Another important factor to consider in pile group moments is the point of
moment reversal. This is the depth at which the moment goes from positive to
negative. In Figure 5.23 through Figure 5.26 the general pattern seems to indicate that
the point of moment reversal is at a greater depth for Rows 2 and 3 of the pile group
than for the single pile. The point of moment reversal for the single pile and Row 1
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are about the same at each deflection. Thus the point of moment reversal is dependant
on the pile location within the group. This is also consistent with previous testing
(Johnson, 2003; Walsh, 2005). This point becomes very important in the design of
concrete piles and drilled shafts. The reinforcement need not extend beyond the depth
where the moment returns to zero. This point seems to be at a depth of about 4.0
meters for Row 1 and about 5.0 meters for Rows 2 and 3.
More trends can be seen by comparing the moment versus depth curves for
each instrumented pile at different deflection levels.

Figure 5.27 makes this

comparison for first cycle peak loads while Figure 5.28 makes the same comparison
for tenth cycle peak loads. Most obvious is the fact the peak moment increases with
each deflection. As expected, tenth cycle peak moments are lower than first cycle
peak moments. This is a result of less load being applied at the tenth cycle due to less
resistance. The depth of moment reversal appears to increase slightly with greater
deflections. This indicates that although the depth of moment reversal seems to be
more dependent on pile location within the group, it is also dependant on deflection.
This same trend was also seen in the test done in clay (Johnson, 2003). Clay testing
was pushed to greater target deflections and the depth of moment reversal increased
slightly with each target deflection.
It is also important to investigate the influence of increased deflection on the
depth at which the peak moments occur. In Figure 5.27 and Figure 5.28 the depth at
which the peak moment occurs seems to increase slightly with increased deflection.
This increase in depth is very small. This same trend was observed in clay (Johnson,
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Figure 5.27 First cycle bending moment versus depth for Rows 1 through 3.
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Figure 5.28 Tenth cycle bending moment versus depth for Rows 1 through 3.
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2003), but the increase in depth was larger in clay. This trend can be seen more easily
in Figure 5.29. Figure 5.29 shows a comparison of the first cycle peak moments in
clay and sand at target deflections of 6 mm and 51 mm. There is a somewhat greater
increase in the depth of the peak moment from the 6 mm to the 51 mm deflection in
clay than in sand. For example, in Row 3 the first cycle peak moment for the 6 mm
target deflection occurs at a depth of about 1.0 meter while the peak moment at the 51
mm target deflection occurs at a depth of about 1.8 meters in sand. For the same
deflection levels in clay, the peak moment depth increases from 1.2 meters to about
2.5 meters. Thus, the increase in the depth to maximum moment in sand was 80
percent while the increase in clay was over 100 percent. This is comparable to the
increases in depth that were observed for the single pile.
These differences in the depth of the peak moments are a result of the fact that
sand is a stiffer and stronger soil than clay. Clay provides less lateral resistance and
load is distributed to a greater depth, resulting in maximum moments accruing at
similarly greater depths.

Sand also requires more load to overcome the higher

resistance. Since moment is directly related to load, the peak moments in sand are
higher than the peak moments in clay for the same deflections. The depth to the peak
moment also increases with each row as a result of increased group interactions in
Rows 2 and 3. Thus the peak moment depth is dependant not only on soil type, but on
deflection and pile position within the group as well.
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Figure 5.29 Bending moment versus depth comparisons in clay and sand at 6 and 51mm deflections.
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Figure 5.29 also suggests that the point of moment reversal is somewhat dependant on
the soil type. The point of moment reversal is deeper for clay than for sand. In each
row, the point of moment reversal in clay is about 0.5 meters deeper than in sand at
peak deflections. This again is a result of the fact that clay provides less lateral
resistance and therefore the load and moment are distributed to greater depths.
It is also important to investigate the influence of cyclic loads on pile group
moments. In previous figures it could be observed that tenth cycle moments were
generally lower than first cycle moments. This observation is more easily shown by
directly comparing the first cycle to the tenth cycle at different target deflections.
Figure 5.30 shows the bending moment versus depth comparing the first cycle and the
tenth cycle moments for deflections of 6 mm and 38 mm. Once again it can be seen
the maximum bending moments are smaller at tenth cycle peak loads than at first
cycle peak loads.

Johnson (2003) also observed that the peak moments in clay

occurred at greater depths for the fifteenth cycle than for the first cycle. This does not
seem to happen in sand. The peak moments occur at the same depths for the first and
tenth cycles in sand.
In order to investigate further effects of cyclic loading the row moments were
normalized by dividing the moments by the associated peak pile load in each row.
Figure 5.31 shows the normalized bending moment versus depth curves for the first
cycle and the tenth cycle at deflections of 6mm and 38 mm. Figure 5.31 is basically
the same as Figure 5.30 except that the moments have been normalized. Normalizing
the moments accounts for the fact that lower moments for tenth cycles were associated
with lower loads so that we are able to see more clearly the effects of cyclic loading
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Figure 5.30 Bending moment versus depth for the 6mm and 38mm deflections at 1st and 10th cycles.
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Figure 5.31 Normalized bending moment versus depth for the 6mm and 38mm deflections at 1st and 10th cycles.
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on the shapes of the curves. After normalizing by peak load , the tenth cycle peak
normalized moments in Figure 5.31 are no longer lower than the first cycle peak
moments, but are higher. In general, the tenth cycle peak moments are an average of
20 percent higher at all deflections when the moments are normalized. The tenth cycle
6 mm peak moment in Row 2 is lower; however, this may simply be a result of the
interpolation. This increase in normalized bending moment is a result of the fact that
cyclic loading reduces soil resistance. Thus if cyclic loading were done at equal loads
for every cycle, the maximum moment would continue to increase. This demonstrates
the importance of load history in designing pile groups under lateral loads. If cyclic
loading is not accounted for, the pile group may be under-designed.
The normalized bending moment versus depth curves for first cycle peak
moments in sand and clay at deflections of 6 and 51 mm are compared in Figure 5.32.
This figure has the same curves that are shown in Figure 5.29; only they have been
normalized by the peak loads for comparison. It is difficult to confidently assess any
trends with the existing data because most of the peak moment data for sand was
interpolated. Nevertheless, it appears that the peak moments as well as the points of
moment reversal occur at greater depths in clay. The shape of the moment curve for
the clays also appears to be more widely distributed with depth while the curve for
sand is somewhat more concentrated about the maximum moment. This may be a
result of less lateral resistance in clay.

The fact that some of the normalized peak

moments are higher for sand than clay may be a result of interpolation assumptions.
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Figure 5.32 Normalized bending moment versus depth comparisons in clay and sand at 6 and 51mm deflections.
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5.5.8

Maximum Moment versus Load

For the nine pile test done in clay (Johnson, 2003), Johnson was able to
accurately assess various trends in maximum bending moments related to peak loads.
For this test in sand, most of the peak moments had to be interpolated because of the
defective strain gages that were located at peak moment depths along the piles. Plots
of moment versus load will be provided in this section for analysis of general trends
but it must be remembered that almost all of the peak moment data is interpolated.
The results will therefore only be applied generally.
Figure 5.33 shows plots of the first cycle maximum moment versus load
curves for Rows 1, 2, and 3. Figure 5.34 shows the same curves for the tenth cycle.
The single pile is included for comparison as well. Row 1 behaves the most like the
single pile in both the first and tenth cycles. Rows 2 and 3 exhibit somewhat greater
peak moments for a given load. This is a result of increased group effects which act to
soften the soil response around these trailing row piles. As the soil response in
softened, load is distributed further along the pile, resulting in higher bending
moments. The differences in the moment vs. load graphs are much smaller than the
differences in the load vs. deflection graphs. This is because moment and load have a
much more linear relationship that is less dependent on deflection.
Figure 5.35 compares the first cycle maximum moment versus load for Rows
1, 2, and 3 in sand to those in clay (Johnson, 2003). For every row the clay has lower
peak loads with higher moments than the corresponding row in sand. This is a result
of the fact that clay has less lateral resistance than sand. This same trend was seen in
Figure 5.32 as well. Soil with less lateral resistance requires less load to reach the
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same deflection and results in higher bending moments. Thus, although moment and
load have a linear relationship that does not depend on deflection, it is dependant on
the lateral resistance provided by different soil types. The same loads will produce
somewhat higher moments in clay than in sand due to the lower lateral resistance
which allows greater bending.
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Figure 5.33 Maximum first cycle moment versus load for Rows 1, 2, and 3.
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Figure 5.34 Maximum tenth cycle moment versus load for Rows 1, 2, and 3.
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CHAPTER 6 - COMPUTER ANALYSIS OF TEST
RESULTS

6.1

INTRODUCTION
Using the test results shown in Chapter 5, p-multipliers were back-calculated

for the pile group using computer analyses. Both the 9-pile group test and the single
pile test were modeled using computer programs. The single pile test was modeled
using the program LPILE Plus version 4.0 (Reese et al., 2000) and the 9-pile group
test was modeled using the program GROUP version 4.0 (Reese and Wang, 1996).
These programs were used not only to back-calculate p-multipliers, but to assess the
overall agreement with measured response in general when using a set of pmultipliers. The programs use finite-difference methods and models soil resistance as
non-linear springs in the same manner described in Chapter 1. Previous research
(Rollins et al., 1998, 2003a, 2003b, and 2005) has shown that these computer
programs are relatively effective in modeling laterally loaded pile behavior.
The soil profile was initially calibrated in LPILE by adjusting the input soil
parameters until the computed response matched the measured response. This same
calibrated soil model was then used to model the test on the pile group using GROUP.
P-multipliers were iteratively adjusted by back-calculating until a match was obtained
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between the computer generated response using GROUP and the measured 9 pile
group response.

6.2
6.2.1

COMPUTER ANALYSIS OF SINGLE PILE TEST
LPILE Plus Version 4.0 (Reese et al., 2000)

As discussed previously, the single pile test was modeled using the computer
program LPILE Plus version 4.0 (Reese et al., 2000). This program is distributed by
an engineering software company called ENSOFT, Inc. LPILE was developed by Dr.
Lymon C. Reese and his co-workers at the University of Texas in Austin. It is widely
used in academia as well as in industry to predict pile response under lateral loading.
LPILE models the pile as a beam and the soil resistance as non-linear springs.
The program uses the finite difference method to calculate the deflection, shear, and
moment in the laterally loaded pile. The stiffness of the pile is calculated using the
modulus of elasticity (E) and the moment of inertia (I) of the pile. The program can
calculate pile stiffness as either linear or non-linear, depending on the user input.
Typically concrete pile stiffness is modeled as non-linear and steel pile stiffness is
modeled as linear. The steel piles in this test were modeled as a linearly elastic
material with constant cross sectional properties.
The lateral soil resistance is modeled in LPILE by non-linear springs that are
attached along the length of the pile. Properties for the different soil layers are
selected by the user. The program uses non-linear p-y curves that are associated with
the input soil properties to model the lateral stiffness of each soil layer. These p-y
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curves are based on the empirical results of a large collection of research that has been
done concerning lateral pile behavior. Thus, the final pile response calculated in
LPILE is not just dependent on the structural properties of the pile or the lateral
resistance of the soil alone, but a combination of the interaction of pile properties and
soil properties together.
6.2.2

Single Pile Properties

The cross sectional and material properties of the pile were input into the
program LPILE. The length of the pile from the load point to the toe was 16.6 m (44.6
ft). The program divided this length into 100 equal length increments of 0.166 m
(0.545 ft). Load was applied at a height of 0.48 m (19 in) above the ground surface.
The cross section of the pile was a circular pipe with a wall thickness of 0.0095
m (0.375 in) and an outer diameter of 0.324 m (12.75 in). The pile also had two angle
irons attached to the north and south sides of the pile. These angle iron added to the
cross sectional area of the pile, making the total cross sectional area 0.010 m2 (15.7
in2). The total moment of inertia (I) for the pile and the angle irons was 1.43 x 108
mm4 (344 in4) and the elastic modulus was assumed to be 200GPa (29,000 ksi).
6.2.3

Soil Properties

Table 6.1 shows the soil layers and soil properties that were used in the LPILE
program. This soil profile is a composite of the soil investigation data that was
discussed in Chapter 3, as well as input data used in previous LPILE models for the
same testing site. This test site had been used previously for testing in clay (Snyder,
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Table 6.1 Input parameters used to model the first cycle soil profile in LPILE
(Walsh, 2005).
Distance from
ground
surface to Top
of Layer (m)

Friction
Angle
(Degrees)

Effective
Unit
Weight, γ'
(kN/m3)

Subgrade
Modulus
(k)
(kN/m3)

Su
(kN/m2)

ε50

API Sand

0.0

40

16.7

7.5E+04

--

--

API Sand - Submerged

2.1

40

6.8

4.2E+04

--

--

Soft Clay - Submerged

2.4

--

9.1

2.7E+04

41

0.010

Soft Clay - Submerged

2.7

--

9.1

1.4E+05

50

0.010

Soft Clay - Submerged

3.7

--

9.1

2.7E+04

40

0.010

Sand - Submerged

4.6

38

8.1

2.6E+04

--

--

Soft Clay - Submerged

6.3

--

9.1

1.4E+05

57

0.010

Sand - Submerged

8.0

33

6.7

1.5E+04

--

--

Soil Model

2004); therefore the soil profile was a modification of the basic profile used by
Snyder. The main difference was the added 2.44 m (8 ft) of sand at the top of the
profile. Beneath the sand was a soft clay layer 2.13 m (7 ft) thick, underlain by
another sand layer 1.75 m (5.75 ft) thick, followed by a soft clay layer 1.68 m (5.5 ft)
thick, underlain by a sand layer that extended below the bottom of the pile.
It may be noticed that the soil profile in Table 6.1 is slightly different than the
profile shown in Chapter 3 in Figure 3.3. This is because LPILE only has a limited
number of general soil types which can be used to idealize some of the more specific
soil types. For example, the layer in Figure 3.3 classified as sandy silt (ML) is best
modeled as submerged clay in LPILE. Figure 3.3 also shows various layers below
eight meters depth while Table 6.1 has only one soil layer extending below eight
meters. This modification was necessary because the program LPILE only allows a
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soil profile to have ten or fewer layers. A sensitivity analysis in LPILE showed that
layers below a depth of ten pile diameters have relatively little effect on the final
calculated results.

Thus, the deepest layers (below 10 pile diameters) were

generalized into one layer in order to meet software requirements, and this has
essentially no impact on the computed results and the load cases investigated.
As discussed previously, the p-y curves used in the LPILE program have been
developed by various researchers. The p-y curves used to model the lateral response
of soft clays were developed by Matlock (1970). These layers required the specific
input of a few soil parameters such as the effective unit weight (γ’), the undrained
shear strength (su), and the strain value at which the soil develops 50% of its shear
strength (ε50). The p-y curves used to model the sand layers in LPILE were those
recommended by Reese (1974). The API sand layers were modeled using p-y curves
developed by O’Neil and Murchison (1983). These sand layers required the input of
the effective unit weight (γ’), the friction angle (φ) and the modulus of subgrade
reaction (k). Input values were derived from the results of laboratory and field testing.
The modulus of subgrade reaction (k) for the sand layer was estimated using
correlations with friction angle provided by Reese et al. (2000).
Once the initial soil profile was input into LPILE, load versus deflection curves
were produced and compared to the measured results obtained in the single pile tests.
When the load-deflection profiles did not match, modifications were made to the soil
input parameters and the modeled results were re-calculated. Iterations continued
until the calculated results matched the measured results. In this iteration process the
only soil parameters that were altered were the friction angle (φ) and the modulus of
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subgrade reaction (k) of the upper sand layers.

These properties had the most

influence on the calculated results. In addition, the parameters for the clay layers had
already been calibrated from previous analyses of pile group tests in the clay. A
friction angle of 40º was the final back-calculated value used to model the first cycle
of the single pile test.

Although this friction angle is much higher than would

typically be used in engineering practice for sand at 50 percent relative density, it is
consistent with other LPILE studies that modeled sand at the same relative density
(Rollins et al., 2005; Brown et al., 1987). For the tenth cycle of the single pile test a
friction angle of 34o was used to represent the softening of the soil profile.
6.2.4

Computer Analysis Results of the Single Pile Test

The purpose of the computer analysis for the single pile test was to compare
the computed results to the measured results obtained from testing.

This was

necessary to develop an accurate soil profile model, as well as to observe the accuracy
of the computer model calculations. Figure 6.1 shows the load deflection curve for the
first cycle of the single pile test compared to the curve calculated in LPILE. Figure
6.2 shows a plot of these comparisons for the tenth cycle of the single pile test.
Although there were a few small differences between the measured and computed
results, the match was quite accurate for both the first and tenth cycles.
A few more plots were constructed in order to compare the measured single
pile test results to those computed in LPILE. Figure 6.3 shows comparisons of the
measured bending moment versus depth curves to the calculated curves for deflections
of 19, 25, and 51 mm. LPILE computed maximum bending moments were usually 10
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Figure 6.1 Comparison of LPILE calculated load versus deflection curves to
those measured for the first cycle of the single pile test.
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Figure 6.2 Comparison of LPILE calculated load versus deflection curves to
those measured for the tenth cycle of the single pile test.

133

134

14

12

10

8

6

4

2

0

-2

-50

0

50

LPILE
calculated

Measured
Results

100

Bending Moment (kN-m)

19 mm Deflection

150

14

12

10

8

6

4

2

0

-2

-50

0

50

100

150

Bending Moment (kN-m)

25 mm Deflection

200

14

12

10

8

6

4

2

0

-2

-100

0

100

200

Bending Moment (kN-m)

51 mm Deflection

Figure 6.3 Comparison of measured first cycle bending moment versus depth to LPILE calculated results.
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300

to 15 percent higher than the measured results. This difference seemed to increase
with higher deflections. For lower deflections the depth of the maximum moment was
quite accurately predicted. However, at higher deflections this depth was slightly
overestimated. The point of moment reversal was the same for the measured and
calculated results also. Overall, there was very good agreement between measured
and calculated results for the bending moment versus deflection curves.
A final comparison was made between the measured and computed moment
versus load plots. Figure 6.4 shows the moment versus load comparisons for the first
cycle and Figure 6.5 shows the same comparisons for the tenth cycle. The variation of
computed response from the measured results in these figures is greater than in the
previous comparisons. In both cases the calculated moment versus load curve is about
20 percent higher than the measured results. Some of this discrepancy may result
from the interpolation approach used to obtain the maximum moment when values
could not be obtained from measured strain data. Nevertheless, previous testing in
clay had shown the same discrepancies. If the soil profile input data were altered in
LPILE in an effort to produce a better match between the moment versus load curves,
this would result in poorer agreement between the load versus deflection curves.
Although there are small discrepancies, in general there is very good agreement
between the measured single pile test results and the calculated results obtained from
LPILE.
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Figure 6.4 Comparison of LPILE calculated moment versus load curves to those
measured for the first cycle of the single pile test.
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Figure 6.5 Comparison of LPILE calculated moment versus load curves to those
measured for the tenth cycle of the single pile test.
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6.3
6.3.1

COMPUTER ANALYSIS OF THE PILE GROUP TEST
GROUP Version 4.0 (Reese and Wang, 1996)

The computer program GROUP Version 4.0 (Reese and Wang, 1996) was used
to model the 9-pile group test. The program GROUP is an extension of LPILE.
While LPILE can only calculate the lateral response for one pile, GROUP calculates
the response for a group of piles using input p-multipliers. GROUP uses the input pmultipliers to scale down the p-y curves and account for the decrease in lateral
resistance due to pile group interactions. GROUP has three options when using pmultipliers. The first option is to allow the p-multipliers to default to 1.0, ignoring the
group effects. The second option is to allow the program to calculate the p-multipliers
according to input soil spacing and recommendation made by Reese and Wang (1996).
The third option is to input user specified p-multipliers, and this is the option that was
used for this test. P-multipliers were input and then modified until computed results
matched measured results.
GROUP uses the same finite difference computation methods that are used in
LPILE, therefore the same input parameters can be used as well. The same soil profile
input used in LPILE to model the single pile test was used in GROUP to model the 9pile test. This decision to use the same soil profile was based on the assumption that
because the single pile was located close to the 9-pile group, the soil profile would be
essentially the same. It also helped to facilitate comparisons between the single pile
test and the 9-pile group test.
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6.3.2

Input Parameters for GROUP

All of the inputs in GROUP are the same as in LPILE, with a few added
considerations. One of these added considerations is the possibility of pile groups to
tip or rock as a whole. If the pile group rotates, the lateral force will not only be
resisted by lateral soil resistance, but also with sleeve friction along the side of the pile
and end bearing at the bottom of the pile. This concept is illustrated in Figure 6.6. In
order to account for these extra forces, GROUP requires that the user inputs values for
the sleeve friction and end bearing on the piles.

Undeflected Piles
Deflected Piles

Side Friction

Side Friction

Load

End Bearing

Figure 6.6 Illustration of the effects of sleeve friction and end bearing due to pile
group rotation (Johnson, 2003)
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For the clay layers the end bearing was calculated as nine times the undrained
shear strength of the soil. The sleeve friction in clay was taken was taken as being
equal to the undrained shear strength. For the sand layers the end bearing was
estimated as four times the standard penetration blow count (N). Sleeve friction in the
sand layers was taken as the blow count (N) divided by four. Blow count values were
estimated based on the relative density of the sand. Sensitivity analysis showed sleeve
friction and end bearing had relatively little effect on the calculated results of this test.
This indicates that the pile group did not rotate.
As discussed in Chapter 3, two soil profiles were necessary in order to model
the soil conditions around the pile group: one profile for the soil inside of the pile
group and one for the soil outside the group. This was necessary because of the
differences in compaction inside the group versus outside the group. The upper sand
layer outside of the pile group was compacted very densely and was modeled using
the same soil profile that was used in LPILE to model the single pile. Only the first
row in the pile group pushed against the soil outside of the group, thus the denser soil
profile was used to model the piles in Row 1. This input soil profile can be seen in
Table 6.2 showing the input parameters used to model the first row of piles in the pile
group.
Rows 2 and 3 of the pile group pushed directly on the soils inside the pile
group and were modeled using the soil profile inside the group. The input parameters
for modeling Rows 2 and 3 of the group can be seen in Table 6.3.

The only

differences between this soil profile and the soil profile outside the pile group are the
friction angles, subgrade modulus (k) values, and unit weights for the backfilled sand
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Table 6.2 Group input parameters used to model the first row of piles in the 9pile group test in GROUP.
Distance from
ground surface
to Top of Layer
(m)

Friction
Angle
(Degrees)

Effective
Unit
Weight, γ'
(kN/m3)

Subgrade
Modulus
(k)
(kN/m3)

Max
Side
Friction
(kN/m2)

Max Tip
Resistance
(kN/m2)

Su
(kN/m2)

ε50

API Sand

0.0

40

16.7

7.5E+04

38

7660

--

--

API Sand - Submerged

2.1

40

6.8

4.2E+04

38

7660

--

--

Soft Clay - Submerged

2.4

--

9.1

2.7E+04

41

372

41

0.010

Soft Clay - Submerged

2.7

--

9.1

1.4E+05

50

450

50

0.010

Soft Clay - Submerged

3.7

--

9.1

2.7E+04

40

360

40

0.010

Sand - Submerged

4.6

38

8.1

2.6E+04

29

5743

--

--

Soft Clay - Submerged

6.3

--

9.1

1.4E+05

57

512

57

0.010

Sand - Submerged

8.0

33

6.7

1.5E+04

23

4599

--

--

Soil Model

Table 6.3 Group input parameters used to model Rows 2 and 3 in the 9-pile
group test in GROUP.

Soil Model

Effective Subgrade
Max
Distance from
Max Tip
Friction
Su
Unit
Modulus
Side
ground surface
Resistance
Angle
2
(k
)
Friction
Weight,
γ'
to Top of
(kN/m
)
2
(Degrees)
(kN/m )
3
2
3
Layer (m)
(kN/m ) (kN/m )
(kN/m )

ε50

API Sand

0.0

39

17.4

7.3E+04

38

7660

--

--

API Sand - Submerged

0.9

35

16.6

2.7E+04

38

7660

--

--

Soft Clay - Submerged

2.4

--

9.1

2.7E+04

41

372

41

0.010

Soft Clay - Submerged

2.7

--

9.1

1.4E+05

50

450

50

0.010

Soft Clay - Submerged

3.7

--

9.1

2.7E+04

40

360

40

0.010

Sand - Submerged

4.6

38

8.1

2.6E+04

29

5743

--

--

Soft Clay - Submerged

6.3

--

9.1

1.4E+05

57

512

57

0.010

Soft Clay - Submerged

6.9

--

9.1

2.7E+04

25

225

25

0.015

Soft Clay - Submerged

7.4

--

9.1

1.4E+05

54

486

54

0.010

Sand - Submerged

8.0

33

6.7

1.5E+04

23

4599

--

--
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layer. Because the sand inside the pile group was not compacted to the same density
as the sand outside the pile group the friction angles are lower and corresponding k
values are lower. The top 0.91 m (3 ft) of sand was modeled using a friction angle of
39° and the bottom 1.5 m (5 ft) of backfilled sand had a friction angle of 35°. Friction
angles were calculated using CPT data and correlation equations suggested by
Kulhawy and Mayne (1990). Subgrade modulus (k) values were estimated using
correlations by Reese et al, (2000).

Soil unit weights were estimated using

correlations between the dry unit weight and the friction angle (Department of the
Navy, 1982).
Cross sectional input parameters depended on the pile. The center pile in each
row had angle irons attached to the north and south sides of the pile that changed the
cross sectional properties of those piles. The center piles had moments of inertia of
1.43 x 108 mm4 (344 in4), while the rest of the piles had moments of inertia of 1.16 x
108 mm4 (279 in4). The center piles also had cross sectional areas of 9.4 x 103 m2
(14.6 in2), while the other piles had cross sectional areas of 1.01 x 102 m2 (15.7 in2).
The center-to-center spacing of the pile rows was set to 1.83 m (5.65 pile diameters).
With the combination of soil and pile input parameters, GROUP was able to compute
deflection, shear, and moment data.
6.3.3

Calculation of P-multipliers for Row 1

Prior to calculating the p-multipliers for Row 1, an assessment of the accuracy
of the input parameters was necessary in order to insure that GROUP would calculate
reliable results. This was done by inputting the loads that were calculated in LPILE
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for the single pile test into group and calculating the deflections in GROUP. These
calculated deflections were compared to the deflections that were input in LPILE. The
result was a load deflection curve that matched within one percent of the load
deflection curve calculated in LPILE. This insured that the calculations in GROUP
were indeed comparable to LPILE and were accurate. For testing done in clay some
manipulation of the number of increments used by GROUP to calculate the results was
necessary. In sand it was determined that the results were relatively independent of
the number of increments used.
After insuring the accuracy of the input parameters, the program GROUP was
ready for the calculation of p-multipliers. Initial p-multipliers were input into the
program and the resulting load deflection curves calculated by GROUP were
compared to the measured curves obtained from testing. As expected, the first attempt
at matching the curves was not exact, so the p-multipliers were altered and the curves
were re-computed. This process was repeated several times until an accurate match
was obtained between the GROUP calculated results and the actual measured test
results.
The same p-multiplier calculation process was used for both the first cycle and
the tenth cycle peak loads. In order to account for the softening of the soil profile, the
friction angle (φ) of the backfill sand layer was reduced from 40º to 34º. The subgrade
modulus (k) was also reduced with the friction angle for the tenth cycle.
The p-multipliers that resulted in an accurate match between the measured and
calculated load curves are shown in Table 6.4. Figure 6.7 displays the measured load
curves compared to the calculated load curves using the Row 1 p-multipliers.
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Table 6.4 P-multiplier summary for the piles in Row 1 of the 9-Pile group.
Row

Cycle 1

Row 1

1

P-Multipliers
Cycle 10
1

Row 1 - First Cycle
180
160

Load (kN)

140
120
100

Measured Results

80

GROUP Calculations

60
40
20
0
0

10

20

30
Deflection (mm)

40

50

60

Row 1 - Tenth Cycle
120

Load (kN)

100
80
60

Measured Results

40

GROUP Calculations

20
0
0

5

10

15

20
25
Deflection (mm)

30

35

40

45

Figure 6.7 Comparison of the first cycle and tenth cycle GROUP calculated load
versus deflection curves for Row 1 to the measured curves obtained from fullscale testing.
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The comparisons between the measured and calculated results showed a very
close match for both the first and tenth cycles. For the first cycle curve, while all
target deflections show a very close match between measured and calculated loads, the
measured load for the 38 mm target deflection is higher than the calculated load. For
the tenth cycle curve, it was the measured load for the 25 mm target deflection that
seemed to be higher than the calculated load. This increase in separation for higher
target deflections was also noted by Walsh (2005) for the 15-pile group test in sand.
6.3.4

Calculation of p-multipliers for Rows 2 and 3

Rows 2 and 3 were of the pile group pushed against the softer soil profile
inside the pile group and were modeled using the softer soil profile seen in Table 6.3.
The same iteration process was used to find the p-multipliers for Row 1 was used for
Rows 2 and 3. User input p-multipliers were altered until the calculated load curves
matched the measured load curves. The p-multipliers that resulted in the best match
are shown in Table 6.5. Figure 6.8 shows the calculated load-deflection curves for
Rows 2 and 3 using the new p-multipliers, compared to the measured curves. Once
again the measured load for the 38 mm target deflection is slightly higher than the
calculated load, but in general the figure shows a very good match.

Table 6.5 P-multipliers for Rows 2 and 3 using a softer soil profile for sand
within the pile group.
Row
Row 2
Row 3

P-Multipliers
Cycle 1
Cycle 10
0.7
0.7
0.65
0.65
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Row 2
140
120

Load (lkN)

100
80
60

Measured Results

40

GROUP Calculations

20
0
0

10

20

30

40

50

60

Deflection (mm)

Row 3

120

Load (kN)

100
80
60

Measured Results

40

GROUP Calculations

20
0
0

10

20

30

40

50

60

Deflection (mm)

Figure 6.8 Comparison of the first cycle GROUP calculated load versus
deflection curves for Rows 2 and 3 to the measured curves obtained from fullscale testing.
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6.3.5

Bending Moments

Moment data was also calculated by GROUP and compared to the measured
moment data in order to further examine the accuracy of the GROUP calculations.
Figure 6.9 compares the first cycle peak moment versus load graphs calculated by
GROUP to those obtained from test results. Most of the measured data for peak
moments was interpolated, so only general comparisons can be made. The figure
shows that although there was some scatter in the results, in general GROUP did a
good job of calculating the maximum moments for the various target deflections.
Moment versus depth plots were also calculated by GROUP and compared to
the measured results. Figure 6.10, Figure 6.11, and Figure 6.12 show the moment
versus depth comparisons for the first cycle at target deflections of 13, 25, and 51 mm
(0.5, 1.0, and 2.0 in) for Rows 1, 2, and 3 respectively. These plots allow for a
comparison of not only the value of the peak moments, but the depths at which they
occur. The depth of the GROUP calculated peak moment is the same as the measured
depth in each plot. These figures also show that the depth of moment reversal is the
same between the measured and calculated results. These results suggest that GROUP
does a good job of calculating the moment versus depth plots. The same p-multipliers
that resulted in a good match between the calculated and measured load-deflection
curves also resulted in very good matches between the measured and calculated
moment-load and moment depth plots. This indicates the calculated p-multipliers
were indeed very accurate in representing the lateral response of the piles in the 9-pile
group.
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Maximum Moment (kN-m)

Row 1
300
250
200
150
100

Measured Results
GROUP Calculations

50
0
0

20

40

60

80

100

120

140

160

180

Peak Load (kN)

Maximum Moment (kN-m)

Row 2
250
200
150
100
Measured Results

50

GROUP Calculations

0
0

20

40

60

80

100

120

Peak Load (kN)

Maximum Moment (kN-m)

Row 3
250
200
150
100
Measured Results

50

GROUP Calculations
0
0

20

40

60

80

100

120

Peak Load (kN)

Figure 6.9 GROUP calculated moment vs. load compared to measured results
for the first cycle.
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Figure 6.10 First cycle GROUP calculated moment versus depth compared to measured results for Row 1.
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Figure 6.11 First cycle GROUP calculated moment versus depth compared to measured results for Row 2.

Depth Below Ground Surface (m)

Row 2 - 13 mm

Depth Below Ground Surface (m)

150

-20

60

80

-50

50

100

150

-50

10

8

6

4

2

0

-2

14

0

14

10

8

6

4

2

0

-2

14

GROUP Calculations

Measured Results

40

12

20

12

0

Bending Moment (kN-m)

Row 3 - 25 mm

12

10

8

6

4

2

0

-2

Bending Moment (kN-m)

Depth Below Ground Surface (m)

0

50

100

150

200

Bending Moment (kN-m)

Row 3 - 51 mm

250

Figure 6.12 First cycle GROUP calculated moment versus depth compared to measured results for Row 3.
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6.4

COMPUTER ANALYSIS SUMMARY
Figure 6.13 shows the p-multipliers calculated in this study compared to p-

multipliers found from similar full-scale and centrifuge tests in sand and clay. A few
commonly used design curves are also shown in the figure for comparison. The pmultiplier for Row 1 was 1.0, as would be expected from the Reese and Wang (1996)
design curve for pile groups spaced at 5.65 pile diameters. For Rows 2 and 3, the pmultipliers are lower than expected, being very similar to the p-multipliers for other
pile groups in sand that were spaced between 4 and 5 pile diameters apart, as seen in
Figure 6.13.
The expected values for p-multipliers are more easily seen in Figure 6.14
which compares the p-multipliers calculated for this study to others form previous
testing in sand. This figure also shows the design curves suggested by AASHTO
(2000), Reese and Wang (1996), and Rollins et al. (2005) for p-multipliers in sand.
According to Figure 6.14 it seems that while the curve proposed by Rollins et
al. (2005) fits the p-multiplier for Row 1, the AASHTO (2000) design curve is a better
indicator for the p-multipliers in Rows 2 and 3 from this study. This is in harmony
with the results obtained from the 15-pile group test in sand (Walsh, 2005). Walsh
found that the AASHTO design curve was a more accurate indicator of the pmultipliers for the last three rows of the 15-pile group (3.92 D spacing), which can be
seen in Figure 6.14c.
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(a) Previous Full-Scale Tests - Row 1
1.2
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P-Multiplier

0.8
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Stiff Clays
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This Test

0.0
2

3

4

5

6

7

8

Pile Spacing / Pile Diameter (center-to-center)

(b) Previous Full-Scale Tests - Row 2
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Reese & Wang (1996)
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6

7

8

Pile Spacing / Pile Diameter (center-to-center)

(c) Previous Full-Scale Tests - Row 3-5
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8
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Figure 6.13 P-multipliers from this study compared to others from previous full
scale testing in sand and clay and some commonly used design curves.
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(a) Previous Tests in Sand - Row 1
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(b) Previous Tests in Sand - Row 2
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(c) Previous Tests in Sand - Row 3 - 5
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Figure 6.14 P-multipliers from this study compared to others from previous
testing in sand and some commonly used design curves.
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8

Another important thing to notice is that in Figure 6.13 the p-multipliers for the
test in sand are lower in Rows 2 and 3 than the p-multipliers for the tests in clay at the
same spacing. Because sand has a higher friction angle than clay, the shear zones in
sand should be wider and longer than those in soft clay; thus with increased group
effects the p-multipliers in sand are expected to be lower than in clay. Therefore,
although the p-multipliers are lower than expected for Rows 2 and 3, they are
appropriately lower than those for clay at the same spacing.
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CHAPTER 7 - SUMMARY AND CONCLUSIONS

7.1

TEST OVERVIEW
In September of 2004, lateral load tests were performed on a 3x3 pile group

consisting of 324 mm (12.75 in) diameter plies spaced at 5.65 pile diameters. The
piles were installed north of the air traffic control tower at the Salt Lake City
International Airport. The piles were driven-closed ended and were instrumented to
measure lateral load, pile head deflection, and strain along the length of the piles. The
soil profile consisted of 2.44 m (8 ft) of clean washed sand underlain by soft clays.
The pile group was pushed statically by two hydraulic jacks reacting against two
reinforced concrete drilled shafts. The pile group was cycled at six target deflections
ranging from 6 mm to 51 mm. A single isolated pile was tested in conjunction with
the 9-pile group in order to establish comparisons and evaluate group interactions.
Test data was gathered and analyzed in terms of load vs. deflection, maximum
bending moment vs. load, and moment vs. depth plots.

Analysis included

investigations of soil stiffness degradation with cyclic loading, pile group efficiency,
load distribution within rows, residual deflection, and normalized bending moment vs.
depth. Comparisons were drawn between first and tenth cycle data. Comparisons
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were also drawn between the results of this test, the results of the 15-pile group test in
sand (Walsh, 2005), and the results of the 9-pile group test in clay (Johnson, 2003).
The single pile and 9-pile group tests were modeled using finite difference
computer programs. The single pile test was modeled using the program LPILE
(Reese et al., 2000) and the 9-pile group test was modeled using GROUP (Reese and
Wang, 1996). The soil profile was modeled in LPILE by matching the calculated
single pile results to the measured test results. This soil profile was then input into
GROUP in order to model the 9-pile group. Input soil parameters were modified in
GROUP to account for the softer sands inside the pile group. A new friction angle
was determined using nuclear density gage data. P-multipliers were back-calculated
iteratively by matching the calculated pile response to the measured pile response. Pmultipliers were obtained for each row in the 9-pile group.

7.2
7.2.1

CONCLUSIONS
Loads

1. For the 9-pile group tenth cycle peak loads were typically 75 to 85 percent
of the first cycle peak loads. Tenth cycle loads for the single pile test were
also approximately 75 to 85 percent of those for the first cycles at the same
deflections. For the 9-pile test in clay the decrease in resistance from the
first to the tenth cycle was slightly greater, with tenth cycle loads being
between 70 to 80 percent of the first cycle.
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2. The loads developed in clay for both the first and tenth cycles were
approximately 55 to 65 percent of the loads developed in sand at the same
deflection.
7.2.2

Efficiency

1. In clay, pile group efficiency decreased with increasing deflection up to 38
mm, and then became constant with an efficiency of about 0.9. In sand,
efficiency decreased up to 25 mm deflection, and then stabilized at an
efficiency of 0.8.
2. Pile group efficiency was lower in both clay and sand for the 15-pile group.
Efficiency for the 15-pile group spaced at 3.92 pile diameters was about 75
percent of the efficiency for the 9-pile group spaced at 5.65 pile diameters.
7.2.3

Soil Stiffness Degradation

1. In clay, the 9-pile group stiffness stabilized at about 82 percent of the first
cycle stiffness after 15 cycles. In sand the 9-pile group stiffness leveled off
at about 78 percent of the first cycle stiffness after 10 cycles and appears
that it will continue to decrease with more cycles.
2. In clay, 50 percent of the stiffness degradation occurred after the first cycle
for the 9-pile group, and 50 percent for the single pile as well. In sand, 56
percent of the stiffness degradation occurred after the first cycle for the 9pile group, and 40 percent for the single pile.
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3. Stiffness degradation was about 2 to 3 percent greater in the 9-pile group
spaced at 5.65 pile diameters, than in the 15-pile group spaced at 3.92 pile
diameters. This was true in both clay and sand.
4. Stiffness degradation in clay was about 5 percentage points greater than in
sand for both the 9-pile group and the 15-pile group.
7.2.4

Residual Deflection

1. Residual deflections are more significant in sand than in clay. This is
because sand is non-cohesive and tends to fall into the gap that forms
behind the pile during cycling, prohibiting the pile from returning to its
original position. In clay this gap is more likely to remain unfilled.
2. Residual and peak deflections show a fairly linear trend: larger peak
deflections will generally result in larger residual deflections.
7.2.5

Load Distribution among Piles ands Rows

1. The outer piles in a row did not consistently resist more load than the
center pile. This trend has been observed in pile groups in sand spaced at
3.0 and 3.3 diameters, but not for this pile group spaced at 5.65 diameters.
2. For a given deflection, Row 1 of the pile group resisted the same amount of
load as the single pile, whereas Rows 2 and 3 resisted about 68 percent of
the load resisted by the single pile.
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7.2.6

Bending Moments

1. In clay, the depth to maximum moment increased over 100 percent from
the first to the last target deflection for the 9-pile group. In sand this
increase was not as significant, with only a 50 to 80 percent increase.
2. Maximum moments were about 80 percent higher in sand than in clay for
Row 1 moments, and were about 30 to 40 percent higher for moments in
Rows 2 and 3.
3. Normalized bending moments showed that moments developed in clay
were slightly larger than those in sand for a given load, and occurred at
somewhat greater depths.
4. In clay, tenth cycle peak moments occurred at greater depths than first
cycle peak moments.

In sand this trend was not observed, and peak

moments occurred at the same depth for all cycles.
5. Tenth cycle bending moments normalized by load were about 10 percent
higher than those for the first cycle for the 9-pile group in sand.
7.2.7

Computer Modeling

1. The computer programs LPILE and GROUP modeled actual conditions
quite well. Computed load versus deflection curves were very accurate for
both the single pile and the group piles.
2. Moment versus depth curves were calculated accurately in LPILE and
GROUP. Moment versus load data was also calculated reasonably well.

159

7.2.8

P-multipliers

1. Back calculated p-multipliers for the 9-pile group in sand were 1.0, 0.7,
and 0.65 for Rows 1, 2, and 3, respectively.
2. Tenth cycle p-multipliers were the same as first cycle p-multipliers in all
cases.
7.2.9

Design Curves for p-multipliers

1. Design curves provided by Reese and Wang (1996) generally recommend

p-multipliers that are larger than those that have been found experimentally
and may lead to un-conservative design.
2. The design curve suggested by Rollins et al., (2005) fits for the Row 1 pmultipliers while the p-multipliers for Rows 2 and 3 fit the curve suggested
by AASHTO (2000).
3. Results from the field tests indicate that different p-multiplier versus
spacing curves will likely be required for sand and clay. This is because
failure wedges that develop in sand tend to be longer and wider than those
that develop in clay and result in lower p-multipliers than those in clay for
the same spacing.
4. P-multipliers for Rows 2 and 3 are very similar and may be determined
using the same design curve.
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7.3

RECOMMENDATIONS
For the design of pile groups in sand spaced at 5.65 pile diameters, the

following recommendations apply:
1. Based on the results of this study, as well as previous testing that has been
conducted on pile groups in sand, the design curves suggested by Rollins et
al., (2005) appear to be accurate for determining p-multipliers in sand for
the first Row, while the design curve suggested by AASHTO (2000) fits
the p-multipliers for Rows 2 and 3.
2. When cyclic loading is taken into consideration in the design of laterally
loaded pile groups, the soil strength should be reduced to 75 to 85 percent
of the original soil strength.
3. Although group interactions are less important for pile groups spaced at
5.65 pile diameters they must still be considered in design.

161

162

REFERENCES

AASHTO. (2000). Bridge Design Specifications, American Association of State
Highway and Transportation Officials, Washington, D.C.
Baguelin, F., Jezequel, J.F., and Shields, D.H. (1978). The pressuremeter and
foundation engineering, Trans Tech Publications, Aedermannsdorf,
Switzerland.
Barton, Y.O. (1984). “Response of pile groups to lateral loading in the centrifuge,”
Proceedings, Symposium on the Application of Centrifuge Modeling to
Geotechnical Design, W.H. Craig, ed., A.A. Balkema, Rotterdam, Netherlands,
pp. 457-473.
Bjerrum, L. (1972). “Embankments on soft ground,” Proceedings, Specialty
Conference on Performance of Earth and Earth Supported Structures, ASCE,
Vol. 2, pp. 1-54.
Briaud, J.-L. (1992). The pressuremeter, Balkema, Rotterdam, Netherlands
Brown, D.A., Morrison, C., and Reese, L.C. (1988). “Lateral load behavior of pile
group in sand,” Journal of Geotechnical Engineering, ASCE, Vol. 114, No.
11, pp. 1261-1276.
Brown, D.A., Reese, L.C., and O’Neill, M.W. (1987). “Cyclic lateral loading of a
large-scale pile group,” Journal of Geotechnical Engineering, ASCE, Vol.
113, No. 11, pp. 1326-1343.
Cox, W.R., Dixon, D.A., and Murphy, B.S. (1984). “Lateral-load tests on 25.4-mm
(1-in.) diameter piles in very soft clay in side-by-side and in-line Groups,”
Laterally Loaded Deep Foundations: Analysis and Performance, ASTM STP
835, pp. 112-139.
Department of the Navy. (1982). “Soil Mechanics Design Manual 7.1,” NAVFAC DM7.1 May 1982, Naval Facilities Engineering Command, Alexandria, VA, pg.
7.1-149.

163

Feagin, L.B. (1937). “Lateral pile-loading tests,” Transactions, ASCE, Vol. 102,
Paper No. 1959, pp. 236-254.
Gerber, T.M. (2003). P-y curves for liquefied sand subject to cyclic loading based on
testing of full-scale deep foundations, Dissertation, Brigham Young
University, Department of Civil and Environmental Engineering.
Huang, A., Hsueh C.K., O’Neill M.W., Chern S., and Chen, C. (2001). “Effects of
construction on laterally loaded pile groups,” Journal of Geotechnical
Engineering, ASCE, Vol. 127, No. 5, pp. 385-397.
Johnson, S.R. (2003). “Static lateral load testing a full-scale pile group spaced at 5.65
pile diameters”, Thesis (M.S.), Brigham Young University, Department of
Civil and Environmental Engineering.
Kim, J.B., and Brungraber, R.J. (1976). “Full-scale lateral load tests of pile groups,”
Journal of the Geotechnical Engineering Division, ASCE, Vol. 102, No. GT1,
pp. 87-105.
Kotthaus, M., Grundoff, T., and Jessberger, H.L. (1994). “Single piles and pile rows
Subjected static and dynamic lateral load,” Proceedings, 1994 International
Conference on Centrifuge, C.F. Leung, F.H. Lee, and T.S. Tan, eds., A.A.
Balkema, Rotterdam, Netherlands, pp. 497-502.
Kulhawy, F. H. and Mayne, P. W. (1990). Manual on Estimating Soil Properties for
Foundation Design, Electric Power Research Institute, Report EPRI EL-6800,
pg. 4-10.
Matlock, H. (1970). “Correlations for design of laterally loaded piles in soft clay,”
Proceedings, Second Annual Offshore Technology Conference, Houston,
Texas, Vol. 1, Paper No. 1204, pp. 577-594.
McVay, M., Bloomquist, D., Vanderlinde, D., and Clauson, J. (1994). “Centrifuge
modeling of laterally loaded pile groups in sands,” Geotechnical Testing
Journal, ASTM, GTJODJ, Vol. 17, No. 2, pp. 129-137.
McVay, M., Casper, R. and Shang, T.I. (1995). “Lateral response of three-row groups
in loose to dense sands at 3D and 5D spacing,” Journal of Geotechnical
Engineering, ASCE, Vol. 121, No. 5, pp. 436-441.
McVay, M., Zhang, L., Molnit, T., and Lai, P. (1998). “Centrifuge testing of large
laterally loaded pile groups in sands,” Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, Vol. 124, No. 10, pp. 1016-1026.

164

Meimon, Y., Baguelin, F., and Jezequel, J.F. (1986). “Pile group behaviour under long
time lateral monotonic and cyclic loading,” Proceedings, Third International
Conference on Numerical Methods in Offshore Piling, Inst. Francais du
Petrole, Nantes, France, pp. 285-302.
Moss, R.E.S., Caliendo, J.S., and Anderson, L.R. (1998). “Investigation of a cyclic
laterally loaded model pile group,” Soil Dynamics and Earthquake
Engineering, Elsevier Science, Vol. 17, No. 7-8, pp. 519-523.
O’Neill, M.W., and Murchison J.M. (1983). “An evaluation of p-y relationships in
sand,” A Report to the American Petroleum Institute, PRAC 82-41-1, The
University of Houston-University Park, Houston, Texas.
Peterson, K.T. (1996). “Static and dynamic lateral load testing a full-scale pile group
in clay,” Thesis (M.S.), Brigham Young University, Department of Civil and
Environmental Engineering.
Rao, S.N., Ramakrishna, V.G.S.T., and Rao M.B. (1998). “Influence of rigidity on
laterally loaded pile groups in marine clay,” Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, Vol. 124, No. 6, pp. 542-549.
Reese, L.C., and Wang, S.T. (1996). Technical manual of documentation of computer
program GROUP 4.0 for Windows, Ensoft, Inc., Austin, Texas.
Reese, L.C., Cox, W.R., and Koop, F.D. (1974). “Analysis of laterally loaded piles in
sand,” Proceedings, Fifth Annual Offshore Technology Conference, Houston,
Texas, Vol. 2, Paper No. 2080, pp. 473-484.
Reese, L.C., Wang, S.T., Isenhower, W.M., and Arrellaga, J.A. (2000). Computer
program LPILE plus version 4.0 technical manual, Ensoft, Inc., Austin, Texas.
Remaud, D., Garnier, J., Frank, R. (1998). “Laterally loaded piles in dense sand: group
effects,” Proceedings, 1998 International Conference on Centrifuge, T.
Kimura, O. Kusakabe, J. Tekamura, eds., A.A. Balkema, Rotterdam,
Netherlands, pp.533-538.
Roberston, P.K., Campanella, R.G., Gillespie, D., and Grieg, J. (1986). “Use of
piezometer cone data,” Proceedings, In-situ 1986, ASCE Specialty
Conference, Blacksburg, VA.
Rollins, K.M., Johnson, S.R., Petersen, K.T., and Weaver, T.J. (2003a). “Static and
dynamic lateral load behavior of pile groups based on full-scale testing,” 13th
International Conference on Offshore and Polar Drilling, International Society
for Offshore and Polar Engineering, paper 2003-SAK-02, 8 pp.

165

Rollins, K.M., Lane, J.D., and Gerber, T.M. (2005). “Measured and computed lateral
response of a pile group in sand,” Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, Vol. 131, No. 1, pp. 103-114.
Rollins, K.M., Olsen, R.J., Egbert, J.J., Olsen, K.G., Jensen, D.H., and Garrett, B.H.
(2003b). “Response, analysis, and design of pile groups subjected to static and
dynamic lateral loads,” Utah Department of Transportation Research and
Development Division, Report No. UT-03.03.
Rollins, K.M., Peterson, K.T., and Weaver, T.J. (1998). “Lateral load behavior of fullscale pile group in clay,” Journal of Geotechnical Engineering, ASCE, Vol.
124, No. 6, pp. 468-478.
Ruesta, P.F., and Townsend, F.C. (1997). “Evaluation of laterally loaded pile group at
Roosevelt bridge,” Journal of Geotechnical and Geoenvironmental
Engineering, ASCE, Vol. 123, No. 12, pp. 1153-1161.
Seed, H.B., and Idriss, I.M. (1982). "Ground Motions and Soil Liquefaction during
Earthquakes,” Monograph Series, Earthquake Engineering Research Institute,
Berkeley, California.
Snyder, J.L. (2004). “Fill-scale lateral-load tests of a 3x5 pile group in soft clays and
silts,” Thesis (M.S.), Brigham Young University, Department of Civil and
Environmental Engineering.
Terzaghi, K., and Peck, R.B. (1967). Soil mechanics in engineering practice, 2nd ed.,
John Wiley and Sons, New York.
Walsh, J.M. (2005). “Full scale lateral load test of a 3x5 pile group in sand”, Thesis
(M.S.), Brigham Young University, Department of Civil and Environmental
Engineering.

166

